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ABSTRACT 

An  experimental  study  was  carried  out  with  the  specific  intention  of 
reducing  the  undesirable  effects  of  both  high  residual  stresses  and 
distonion  in  HYIOO  and  HY130  high  strength  steels  during  welding.  Tests 
were  also  conducted  on  Mild  Steel  for  comparison.  The  goal  of  these  tests 
was  to  first  ascenain  the  distortion  and  residual  stresses  during  and  after 
welding  of  test  pieces  of  the  three  different  steels.  Test  specimens  were: 
5.5"  wide  by  18"  long  and  0.5"  thick.  A  nominal  20  KJ/inch  heat  input  was 
used  in  all  experiments.  Bead  on  edge  was  utilized  as  representative  of  a 
butt  weld.  .-\n  automated  GMA  process  was  utilized  for  welding  with  98  % 
argon  and  2%  oxygen  as  shielding  gas. 

The  first  phase  of  this  experimental  investigation  established  excellent 
temperature,  strain,  distortion  profiles,  and  a  baseline  residual  stress.  XY 
(2  dimensional)  surface  mounted  strain  gages,  K  type  thenmocouples,  and 
three  dial  gages  were  used  on  the  test  pieces.  A  personal  computer  and  a 
data  acquisition  machine  was  utilized  with  the  capability  to  track  and 
record  temperature  and  strain  data  every  1  to  2  seconds. 


The  second  phase  involved  the  introduction  of  a  secondary  heat 
source,  an  oxy-acetylene  side  heat  torch.  Several  experiments  were 
conducted  to  get  an  effective  flame  and  optimum  positioning  of  the  torch  in 
relation  to  the  weld  arc.  The  optimal  placement  of  the  torch  was 
determined  to  be  longioidinally  matched  to  the  arc  and  4"  transverse.  The 
flame  from  the  torch  was  adjusted  to  raise  the  temperature  of  the  plate 
roughly  200°C.  The  purpose  of  the  secondary  heat  source  traveling  along 
with  die  welding  arc  is  to  use  its  thermal  effects  to  directly  oppose  those  of 
the  welding  arc  and  to  arrest  as  much  of  the  distortion  and  residual  stress 
as  possible  during  welding. 

The  final  series  of  experiments  yielded  superb  results.  Side  heating 
during  welding  does  reduce  the  distortion  by  roughly  one-half.  Using  a 
stress  relaxation  technique  to  obtain  the  residual  stress  affirmed  that  a 
significant  reduction  in  the  residual  stress  was  also  achieved  on  all  three 
types  o-f  steels  tested:  Mild  Steel,  HYIOO,  and  HY130  ranging  from  17  - 
399c.  This  provides  a  basis  for  establishing  a  method  to  reduce  the 
distortion  and  residual  stress  during  the  welding  process  for  inclusion  in  a 
system  that  can  ultimately  control  them  in  process. 

Thesis  Supervisor:   Prof.  K.  Masubuchi 

Title:    Professor  of  Ocean  Engineering  and  Material  Science 
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CHAPTER  1 

1.0:    Introduction 

1.0. 1:     Basic  Information  on  Mechanical  Properties: 

1.0.1.1:      Stress 

Stress  is  usually  expressed  in  terms  of  load  force  per  unit  area: 


A 


F- — n        — -F 


Tension  Compression 

Figure  I  Figure  2 

F  =  load  force  (+  tensile.  -  compressive) 
A  =  cross  -  sectional  area 

Generally,  the  stress  field  is  not  uniformly  distributed  and  for  a  two 
dimensional  analysis  plane  stress  requires  a^  =  Zxz  =  lyz  =  0     Therefore,  a 

force  N  applied  in  plane  BC  yields  stress  components,  these  are  displayed 

in  figure  3^  . 

Gz  =  Gxcos^  0  +  Gy  sin"  0  +  2Txy  sin  0  cos  0 
T  =  Txy  (cos^  0  -  sin^  0)  +  Gy  -  Gx)  sin  0  cos  0 


Masubuchi,  K.,  "Analysis  of  Welded  Structures",  Permagnon  Press,  p. ! 
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where: 

Cn   is  the  normal  stress  on  plane  BC 

X  is  the  shear  stress  on  plane  BC 

0   the  angle  between  the  normal  to  the  plane  BC,  N,  and  the  x-axis 
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1.0.1.2:      Strain 

The  slight  deformation  a  body  undergoes  with  the  application  of  an 
applied  force  (Fj.  With  most  solids;  this  is  not  usually  visible  unless  the 
strain  is  excessive,  or  the  material  goes  in  the  plastic  region  and  deforms 
permanently,  figure  4: 


L 


1 


T 


F 
Figure  4 


L+AL 
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1.0.1.3:    Stress  -  Strain  Relation  (Hooke's  Law): 

The   relationship  between  stress  and  strain   is   usually  expressed 
assuming  the  matenai  is  isotopic,  homogeneous,  and  purely  elastic- . 

Sx  =  ;^ :  Gx  -  \'(Cy  +  Gz)]  +  aAT 


E 

[Oy- 

v(a. 

+  G,)]  + 

aAT 

1 
E 

>z- 

v(ax- 

4-  Gy)]   + 

aAT 

■'-'  =  i 

Txy 

7y^ 

'     G 

^yz 

Yxz 

=  _L 
G 

■Txz 

£  =  Strain 

a  =  Stress 

E  =  Modulus  of  Elasticity  (tensile) 

V  =  Poisson's  Ratio 

G  =  Modulus  of  Rigidity  or  Shear  Modulus    G  =  —-^ — - 

2(1 +v) 

a  =  Thermal  Expansion  Coefficient 
A  =  Temperature  Change 
T  =  Temperature 

The  stress  field  associated  with  rigid  bodies  in  a  three  dimensional  as 
displayed  on  the  following  page,  figure  5: 


2  Cook,  Nathan  H..  'Mechanics  and  Materials  for  Design',  McGraw-HiU,  1984.  p.  197. 
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Three  Dimensional  Stress  Field 
Figure  5 

Six  independent  quantities  exist  when  the  rigid  body  is  in  equilibrium: 

Ox,    <7y,    Cz,    Xxy  =  '^yx.    ^xz  =    '^zx^    '^yz  =  '^zy 

a  =  stress,    x  =  shear  stress 
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1.1:     Typical  Stress  -  Strain  Curve  for  Metals: 


a=F/A 


P-in  this  region  beyond  the 
yield  point  B  the  material 
behaves  plastically  and 
permanently  deforms, 
upon  unloading  the  line 
PQ  applies. 


Strain 
8=AL/L 


Stress-Strain  Relationship 


Figure  6 
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Figure  6  graphically  displays  a  typical  stress  strain  curve  for  metals. 
As  the  load  is  increased,  the  material  changes  in  stress  and  strain  can  be 
described  by  cur\'e  O.  A.  B,  C.  and  D3 . 

OA  -  Elastic  Region,  the  material  does  not  undergo  any  permanent 
change  in  length  under  loading  or  unloading,  and  the  relationship 
between  stress  and  strain  is  typically  linear.  Small  strain  changes 
are  common. 

B  -  Point  B  usually  describes  the  yield  point,  or  the  point  where  the 
material  begins  to  deform  plastically  and  permanent  changes  in 
length  result.  For  aluminum,  this  point  is  reached  at  2% 
elongation,  and  for  most  metals,  including  steels,  points  A  and  B 
coincide.  No  recovery  point  exists  when  the  material  deforms 
plastically.  For  the  HY(high  yield)  series  steels,  the  rating 
number  is  the  yield  stress  point  CJys. 

C  -  Maximum  stress  point;  usually  referred  to  as  ultimate  stress  point, 
or  tensile  stress  0\jlt. 

D  -  The  point  where  the  material  fractures  under  loading. 

When  a  material  is  loaded  beyond  the  yield  point  B,  then  plastic 
deformation  occurs.  When  unloaded  from  an  arbitrary  point  P  beyond  the 
yield  point,  the  path  of  recovery  is  to  point  Q.   What  is  happening  is  that, 


Ibid.,  p.  63. 
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yield  point,  the  path  of  recovery  is  to  point  Q.  What  is  happening  is  that, 
upon  unloading,  most  metals  recover  elasticity.  It  is  this  elastic  recovery 
that  allows  for  stress  relaxation  techniques  to  measure  residual  strain,  e :  e 
is  the  stram  m.easured  after  yield  is  exceeded,  Eq  is  the  strain  measured 
after  stress  relieved  and  recovery,  the  difference  is  the  residual  strain  e'  in 
figure  6. 

Residual  Strain    e'  =  ep  -  e^ 


For  Mild  Steel,  the  yield  point  is  35  to  55  Ksi.  For  the  high  strength 
steels,  HYIOO  and  HY130  the  minimum  yield  stress  is  100  Ksi  and  130  Ksi, 
respectively. 

The  heat  generated  by  the  welding  arc  is  computed  as  follows: 

•      h(heat  input)  =  (60^1       V  (volts)  I  (amps)       ^  kJ 

'  mm  '  V  (weld  speed-ill-)(1000)      ^^ 
min 

The  heat  generated  by  the  arc  include  the  heat  input  of  die  electric  arc,  and 
chemical  reactions,  which  take  place  by  the  interaction  of  the  atmosphere, 
shielding  gases,  coatings  and  impurities,  and  the  heat  of  transformation  of 
the  metal  to  a  liquid  state  which  forms  the  weld  pool. 

The  largest  contributor  to  this  process  is  the  heat  provided  by  the 
electric  arc.  If  v  =  travel  speed  is  expressed  in  in/sec,  then  heat  input  h  is: 
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hiheat  mput)  =        V^vo^^s)  I(amps) ^  kj 

viweldspeed^  (1000)      ^^ 


sec 


Q,  [he  heat  supplied  to  the  weld  piece  is  usually  expressed  as  a  ponion 

ot  the  heat  input  depending  on  arc  efficiency.    For  a  GMA  process,  arc 

efficiency  is  tvpicallv  66-70^c-^  for  deposition  on  Mild  Steel. 
Q  =  NaVI 
where:      Na  =  arc  efficiency 

In  our  experiments  on  Mild  Steel  and  High  Strength  Steels,  HYIOO  and 
HY130,  the  temperature  distribution  compared  well  with  the  predicted 
values  using  a  quasi-stationary  heat  flow  technique  with  a  finite  breadth  of 
one-half  inch  for  all  experiments.  The  arc  efficiency,  however,  seems  to 
range  about  907c  or  better  throughout  this  investigation.  The  first  series  of 
the  experiments  used  25V,  and  the  average  current  was  approximately  200 
amps.  With  a  speed  of  .385"  per  second  yielded  a  heat  input  of: 


(iMr22^=  12,987  J- 


.385^  1" 

\         sec' 

KJ 

Therefore,  a  weld  heat  input  of  roughly  13  -j^  was  recorded.    By  lowering 

the  speed  to  .3"  per  second  the  anticipated  heat  input  was: 


(^^^H^QQ^)=  16,666  i- 


.3-^ 
i     sec/ 


-^Ed.:  PhUlips.  A.L..  'Current  Welding  Process",  American  Welding  Society.  1964. 
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But  the  amperage  en  most  experiments  conducted  at  speed  of  .3"  per 
second  allowed  for  the  -.velding  current  to  increase  to  230A;  therefore,  the 
actual  heat  inDut  was-: 

'--'•''  '--"^'^  19.167  X 
3  ML  in 

sec 

There  is  correlation  between  weld  speed  and  arc  current,  as  travel  speed  is 
decreased  the  average  current  increased  with  the  GMA  process.  To  obtain 
predicted  values  for  the  temperature  distribution,  a  two  dimensional  model 
with  a  finite  breadth  of  5  I;  2"  was  utilized. 


^  See  Appendix  1,  experiment  #3. 

Masubuchi.  K..  'Analysis  of  Welded  Structure'.  Pergamon  Press.  1980,  p.  65. 
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1.1.1:    Symbols  for   Heat   Flow   Analysis^ 


Symbol  Designation 

9  Temperature 

Initial  Temperature 
X  Thermal  Conductivity 

K  Thermal  Diffusivity 


Specific  Heat 

Density 

Time 

Time  of  Arc  Welding 

Time  ot  Extinguishment 

Fixed  Stan  Point  of  Weld 

Fixed  coordinate  of  a  Point 

Fixed  Finish  Point  of  Weld 

Xi  =  Xo-vto 

Moving  Coordinate  w  =  x  -  vt 

Travel  Speed  of  Weld  Arc 
Effective  Thermal  Power  of  Weld 

Intensity  of  Heat  Source 
Plate  Thickness 

Arc  Voltage 

Welding  Current 

Arc  Efficiency 


t 

to 
ti 

■^0 

X,  y,  z 

^1 


Arc 


q 

T 
V 

I 


cm 

cm 
sec 
cal 

sec 

cm 

volts 

ampere 


Units  COS 

Enalish  Units 

Cal 

^T  =  |(F-32) 
°F  =  i(F-32) 
.56  X  10'^  Btu 

cm  sec 

°C 

in  sec  °F 

<;  _  A_  cm2 
Cp    sec 
cal 

g  °c 

.1,5,5  in- 
sec 

.9999  Btu 
lb  T 

cm^ 

.03613  1b 
in^ 

sec 

sec 

sec 

sec 

sec 

sec 

cm 

.3937  in 

cm 

.3937  in 

cm 

.39137  in 

.39^7  in 

23.6  in 

min 

.238  Btu 
min 

cal 
cm  sec 
.3937  in 

volt 
ampere 
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1.2:     Thermal  Analysis  of  the  Welding  Process^ 

Many  studies  have  been  completed  relating  to  heat  flow  in  weldina. 
Some  of  the  most  common  utilize  the  concept  of  heat  flow  in  a  quasi- 
stationary  state  by  Boulton  and  Lance-Martin8,  Rosenthal^  Rykalinio,  and 
many  others^i.  This  technique  proposes  using  a  cartesian  coordinate 
system  (w,  y,  z)  which  moves  in  the  x  direction  at  the  speed  of  the  welding 
arc  where:    w  =  x  -  vt 

w  =  moving  x  coordinate  hence  quasi-stationary 
V  =  speed  of  welding  arc 
t  =  time 

The  temperature  is  assumed  to  undergo  no  change  with  the  moving 
coordinate  system,  therefore: 


dw  _  J  ^  dyv  _  _y 
dx        '    dt 

39  _  ae ,  aw  _  ae  ^^^  a^e  _  a-w 
ax    aw   ax    aw       ^^^2    ^^.2 


^  The  soiuuon  to  this  Bessel  funcuon  can  be  found  in  Advanced  Calculus  for  Application.,  2nd  Ed.,  by 

FB.Hiddebrand,  FYenuce-Hall,  Inc.  Secuon  4.8,  4.9,  and  4.10  and  other  books  on  Advanced  Calculus. 
^  Boulton,  N.S.  and  H.E.  Lance-Marun,  "Residual  Stresses  in  Arc  Welded  Plates",  Proceedings  of  the 

InsucuQon  of  Mechanical  Engineenng,  1936,  p.  295  -  339. 
^  Rosenthal.  D.  and  R.  Schmerber,  "Thermal  Study  of  Arc  Welding",  Welding  Journal  17  (4)  Supplement 

208.  1938. 
^°  RykaUn.  N.N..  'Calculation  of  the  Heat  Process  m  Welding",  printed  in  USSR.  1960. 
^^  .Vlasubuchi,  K..  "Analysis  of  Welded  Structure  -  Residual  Stresses,  Distortion  and  Their  Consequences". 

Pergamon  Press,  1980. 
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'oQ\ 


The  relationship  i^jtor  the   fixed  coordinate  [y-      and  the  movins 

^^Mc      ^-    laE'pc   Ut/Mc   aw   at    Idt'Mc'  'a^r 


coordinate: 

and  it  follows  that: 


a-9  ^a-9  ,  a-9  ^  ^/ae 
aw-    ay-    az~     ^^  'aw 


Now,   9   is  a  function  of  position  only  and  the  solution  to  the  above 
equation: 

where  9o  =  initial  temperature  of  the  plate  0  (w,  y.  z)  =  function  to  be  determined. 

For  a  three  dimensional,  semi-infinite  plate  which  applies  to  a  single 
bead  deposited  on  a  surface  where  the  thickness  T  is  assumed  to  be  infinite 
(T  -^  oo),  the  solution  satisfies  the  following  conditions: 


(a) 


lim    .2nR^x|^=  Qp 


R  =  V  w^  +  y^  +  z^ 
Qp  =  total  heat  delivered  to  die  plate 


(b)    Assuming  heat  loss  through  the  surface  negligible,  no  heat  loss  to 

aft 

the  atmosphere:  ^  =  9    for    z  =  0    and    R  ;^  0 

^       az 
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(c)    For  large  distances  from  the  source,  the  temperature  remains 
unchanged,  iherefore:    9  =  Oq,     for    R  =  oo 
Thus,  the  above  equation  satisfies: 


.  9q  =  _Q_  e^'^-'^)^"  +  Qh/2K)R. 


2Kk ,      Rn 


Rn 


For  fmite  thicknesses  neglectmg  radiant  heat  loss  from  the  surface: 

39 


dz 


■  0,    for    z  =  0    and    z  =  T 


The  solution  can  be  obtamed  bv  adding  an  infinite  series  so  that: 


Rn 


where    R^  =  V  w-  +  y2  +  (2nT  -  zf 

R„  =  Vw2  +  y2  +  (2nT  +  zf 

T  =  plate  thickness 


For  the  two  dimensional  case,  the  equation  for  heat  flow  is  best 
described  by: 


2kX  ^2k    ' 
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where:  r  =  (w-  +  y-)    and  KqCz)    is    a    modified    Bessel    function    of 


econd    kind    and    order    zero:       Kq  (z)  ■ 


Vt^-i 


dt  and    when    the 


argument  z_is   large,   the   Bessel  function  reduces  to  approximately: 

Ko  (z)  =  ^ ,  ^  e-^;  therefore,  if  a  finite  breadth  is  considered: 
V  2z 


.  en  =  -^  c^^r.K)^ 
2kk 


'^o(^)-lN^)«-'^o(-)B) 


n=  1 


The  thermal  distribution  in  this  case  is  best  described  by  a  Bessel 
function,  KqIz),  this  modified  Bessel  function  of  the  second  kind  order 
zero"'-,  and  its  shape  is  displayed  in  the  following  figure  (please  see  the 
following  page  for  the  diagram): 


^  The  soluuon  to  the  Bessel  funcuon  can  be  found  in  Advanced  Calculus  for  Applications,  2nd  Ed.  by 
F.B.  Hidderbrand.  Prenace-Hall,  Inc..  Secuon  4.8, 4.9. 4.10.  and  other  books  on  Advanced  Calculus. 
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View  look 
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N^iim 
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V 
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fc  1  1     1        1       fc  ^ 

V^V^ 

V^ 

!ZZ 
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-^'"^            Weld  Arc 

(point  heat  source) 

Isotherms  generated  as  a  result  of  welding 


Figure  7 
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1.3:     Background  Discussion: 

Currently,  there  is  an  increase  in  interest  in  utilizing  high  strength 
steels  in  a  wide  variety  of  applications.  An  examination  of  the  US  Navy's 
interest  in  high  strength  steels  provides  a  good  understanding  as  to  why  this 
is  occurring.  During  WWII,  US  Navy  ships  were  built  with  steel 
commonly  referred  to  as  "Mild  Steel"  today.  The  performance  of  diose  all 
steel  ships  is  legendary.  Many  of  those  ships,  aldiough  designed  ostensibly 
to  last  the  length  of  the  war  or  five  years,  were  still  afloat  and  operating 
thirty  years  later  with  the  US  fleet,  and  a  few,  like  the  New  Jersey  class 
Battleships  are  still  operating  despite  their  forty  five  years  of  age.  During 
the  1950  -  1980's,  the  US  Navy  began  building  aluminum  superstructures 
on  steel  hulls  in  an  effort  to  reduce  weight  topside  and  allow  for  more 
weapons,  engineering,  and  other  equipment  to  be  aboard. 

For  submarines,  the  US  Navy  stuck  with  steel  and  developed  the  HY 
(High  Yields)  Steels  for  pressure  hulls  and  special  applications  like  flight 
decks  where  aluminum  is  impractical  to  use.  HY80  is  the  most  famous  and 
most  widely  used  of  the  HYQ  &  T  steels  developed.  Interest  waned  in 
widely  using  the  steels  with  strengths  above  HY80  because  of  cracking 
problems  associated  with  the  higher  strength  steels  and  from  a  combination 
of  problems  in  internal  residual  stress,  thermal  residual  stress  from 
welding,  and  applied  stresses^^  .  More  recently,  a  better  understanding  of 
the  weld  process  and  advances  in  material  development  have  led  to  a  new 
high  strength  standard  for  the  US  Navy;  HYIOO  which  is  now  certified  for 


'  Carlsberg,  J.,   Review  and  Assessment  of  Linear  Elastic  Analysis  Techniques  for  Surface  Cracks  in 
Structural  Details  With  Residual  Stresses",  DTNfRDC  -  84/1070.  March  1985. 
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night  decks.  If  HYIOO  can  be  used  on  a  submarine,  it  could  provide  for  a 
deeper  operating  depth.  .Although  the  US  Navy  has  not  been  involved  in  a 
war  at  sea  since  WWII,  close  examination  of  the  Middle  -  Eastern  Wars  in 
1967  and  1973,  the  Falklands  in  1983,  and  more  recently,  the  damaged 
frigates  in  the  Persian  Gulf  in  1986(USS  Stark  and  USS  Morrison):  one  by 
missiles  and  one  by  a  mine,  have  prompted  a  new  interest  in  going  back  to 
all  steel  for  US  Navy  ships.  The  newest  class  of  destroyer  being  built  is  a 
return  to  all  steel  ships(USS  Arleigh  Burke  DDG-51  Class).  The  primary 
reason  for  using  the  aluminum  was  to  reduce  weight  without  losing 
strength.  Aluminum  alloys  are  commonly  three  times  higher  in  strength  to 
weight  ratio  over  steel.  But  this  advantage  is  eliminated  with  the  high 
strength  steels.  For  example,  HY130  has  a  strength  to  weight  ratio  similar 
to  aluminum  alloys. 

There  are  numerous  smdies  completed  that  address  cracking  problems 
in  steel  and  general  agreement  exists  with  how  it  occurs.  The  basic 
mechanism  of  cracking  is  similar  for  all  steel  types  when  carbide 
solutionizing  in  the  heat  affected  zone  causes  subsequent  precipitation  of 
alloy  carbides.  This  also  occurs  during  post  weld  heat  treatment  or  use 
during  elevated  service  temperaturesi'*.  The  precipitation  that  occurs 
reduces  creep  ductility  in  die  heat  affected  zone  to  a  level  which  the  strains 
necessary  for  stress  relaxation  cannot  be  tolerated  and  intergranular 
cracking  occurs ^^  ,    Preheat  and  post  weld  heat  treatment  cause  this  same 


^•*  Meitzner,  C.F.,  'Siress  Relief  Cracking  in  StppJ  WeldmenLs".  WRC  Bulletin  211.  p.  6  -  12. 
^5  Boulton.  N.S.  and  H.E.  Lance-Marun.  "Residual  Stress  in  Arc  Welded  Plates",  Proceedings  of  the 
Institution  of  Mechanical  Engineenng  (London),  p.  133,  295  -  347.  1936. 
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type  of  cracking  to  occur  but  are  generally  helpful  in  mitigating  stress 
relief  cracking. 

Residual  stresses  are  the  thermal  stresses  associated  with  the  weldin^ 
process.  When  the  welded  material  cools,  it  is  commonplace  for  high 
residual  stresses  to  exist  panicularly  in  the  heat  affected  zone.  Thermal 
stresses  have  been  widely  investigated:  Boulton  and  Lance-Martin  in  1936 
first  presented  analytical  and  experimental  results  and  displayed  that 
welding  induced  plastic  deformation  of  the  material  and  that  high  residual 
stresses  resulted  upon  cooling '^  , 

After  a  number  of  research  programs  have  been  carried  out  on 
residual  stresses  and  distortion  in  weldments,  several  reviews  and  books 
have  been  written  relating  to  residual  stresses  and  distortions^,  i-  i3  . 
Transient  thermal  stresses  for  the  most  part  are  extremely  complex  and 
only  limited  studies  have  been  completed  on  them.  Masubuchi  and 
Martm^^  investigated  residual  stresses  in  butt  welds  on  SAE  4340  high 
strength  steel  oil  quenched  and  tempered  and  low  carbon  steel  through 
hydrogen  induced  cracking.  Residual  stresses  were  tensile  near  the  weld 
and  compressive  away  from  the  weld,  and  despite  considerable  difference 
in  their  yield  strength  and  the  different  weld  metal  used,  the  residual 
stresses  were  similar.  Experimental  results  by  Kihara,  et  al.  established  the 
ratio  of  the  maximum  residual  stress  to  the  yield  strength  of  the  materially. 


'^^  Masubuchi.  K..    Control  of  Distortion  and  Shnniage  Dunng  Welding",  Welding  Re: 

Bulletin  149.  April  1970. 
1"^  Boulton,  N.S.  and  H.E.  Lance-Mariin,  "Residual  Stresses  in  Arc  Welded  Plates".  Proceedings  of  the 

Insututjon  of  Mechanical  Engineenng,  Vol.  133,  p.  295  -  336,  1936. 
18  Masubuchi,  K.  and  D.C.  Martin,    Investigation  of  Residual  Stresses  by  Use  of  Hydrogen  Cracking", 

Welding  Journal.  Vol.  40,  So.  12.  Research  Supplement,  p.  401  -  418s. 
'^  Dceta,  Y.  and  H.  Kjhara,  ■Brittle  Fracture  Strength  of  Welded  Joints",  Welding  Research  Supplement, 

Welding  Journal.  Vol.  49.  p.  106s.  1970. 
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The  maximum  residual  stress  is  no  more  than  one-half  the  yield  strength. 
As  yield  strength  increases,  the  maximum  residual  stress  tends  to  decrease 
by  expenment.  Our  expenments  showed  this  same  phenomena,  the  HY130 
piece  generally  showed  the  lower  readings  in  distortion  and  residual  stress 
when  compared  to  HYIOO  or  Mild  Steel. 

The  purpose  of  this  study  is,  once  again,  to  examine  residual  stresses 
and  distonion  using  simple  weldments  with  the  specific  purpose  of  seeking 
a  mediod  to  control  the  distortion  during  welding. 
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CHAPTER  2 

2.0:     Material  Characteristics 

2.0.1:     Selected  Test  Material: 

The  selected  materials  for  this  study  was  HYIOO  and  HY130.  Mild 
Steel  was  included  as  a  control  and  for  comparative  purposes  to  verify  the 
results  obtained  on  the  high  strength  steels.  The  HYIOO  and  HY130  were 
obtained  from  the  David  Taylor  Naval  Research  Center  (DTNRC)  in 
Annapolis,  Maryland  to  support  this  research.  The  test  pieces  utilized  had 
dimensions  5.5  inches  (140  mm)  wide,  18  inches  (457  mm)  long,  and  .5 
inches  (12.7  mm).  Care  was  taken  to  ensure  that  all  test  pieces  were  cut 
such  that  the  length  corresponded  to  the  rolling  direction  of  the  plate. 
Figure  18  displays  the  specimen  size  and  the  relation  between  length  and 
rolling  direction  when  the  steel  was  produced.  Slightly  different 
characteristics  is  experienced  if  the  material  is  not  cut  with  the  length  in  the 
rolled  direction  from  the  fabrication  process.  When  the  experimental 
plates  were  picked  up  at  DTNRC,  all  the  plates  were  clearly  marked  with 
the  rolling  direction  on  them.  The  following  diagram  shows  clearly  how 
the  length  of  the  test  pieces  matched  the  rolling  direction  of  the  steel  from 
when  the  steel  was  fabricated. 
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Test  specimen  Size 
0.5in  thickness 
5. 5 in  width 


All  plates  were  cut  so  the 
Rolling  Direction  was  in  the 
longitudinal  direction.Edges 
were  milled  to  remove  flame 
hardened  edges  where  needed 


Specimen  Size  with  Rolling  Direction 


Figure  8 

This  was  done  to  eliminate  any  difference  in  experimental  results  due 
to  the  orientation  of  the  rolling  direction  (RD)  of  the  plate  from  the 
production  process.  Steel  plate  utilized  with  the  RD  matched  to  the  length 
provides  the  best  characteristics.  The  selection  of  a  length  of  18  inches  is  a 
results  of  using  information  of  De  Garmo,  et  al.^o  who  examined  residual 
stresses  and  their  relations  to  test  specimen  length.  In  examining  both 
longitudinal  and  transverse  stresses,  18  inches  in  length  is  needed  to  achieve 


20  De  Garmo,  EP.,  eLaJ.,  "The  Effect  of  Weld  Length  Upon  Residual  Stresses  of  Unrestrained  Butt 
Welds •',  Welding  Joiimal  25  (8).  Research  supplement,  p.  4855  -  4865, 1946. 
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the  maximum  residual  stress  for  a  nominal  welding  condition.  In  other 
words,  it  longer  than  18",  the  residual  stresses,  both  longitudinal  and 
transverse,  are  level.  If  a  test  piece  is  shorter  than  18",  then  the  values  of 
residual  stress,  both  longitudinally  and  transverse,  decrease  with  length. 
We  experienced  with  a  few  test  pieces  that  were  only  12  inches  long,  the 
values  of  distortion  read  were  considerably  lower  than  an  18  inch  piece 
with  identical  welding  conditions. 
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2.1:     Bead  on  Edge 

Bead  on  edge  '.veld  is  a  simple  weldmeni  representative  of  a  butt  weld. 
The  simple  weld  type  was  selected  for  simplicity  and  economy  in 
conducting  these  tests.  The  following  diagram  shows  how  a  bead  on  edge 
is  accomplished: 


Automated 
Gas  Metal  Arc 
Welding  Machine 


VVeldTDead 

Deposited  on  the  edge 
of  the  plate-  starter  tabs 
TEST  Plate  H  /A         in  the  experiments  not 

shown 


Weld  Bead  on  Edge 


Figure  9 
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2.2:     Types  of  Simple  Weldments 

The  following  diagram  graphically  displays  simple  types  of 
weldments: 


G 


/^ 


\^ 


12 


Tt 


A 


X 


Butt  Weld  -  double  V 


Butt  Weld 


Butt  Weld  -  Single  V 

In Lap  Weld 


"T"  Joint 


Bead  on  Edge 


Simple  Types  Weldments 
Figure    11 
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Butt  Welding  is  the  most  common  for  welding  plates  together,  so  this  type 
ot  weld  (one  side  of  it)  is  essentially  the  type  of  weldment  being  used  in 
this  investigation. 
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2.2.1:     The  Butt  Weld: 

For  HYIOO  and  HY130,  butt  welding  using  Shielded  Metal  Arc 
Welding  (SMAW),  Gas  Tungsten  Arc  Welding  (GTAW),  Gas  Metal  Arc 
Welding  (GMAW),  Submerged  Arc  Welding  (SAW),  and  Stud  W^eldina 
(SW)  the  recommended  joint  preparation  is  as  follows^i  : 

Cleaning:      the  joint  and  area  where  welding  should  be  thoroughly 

cleaned  with  acetone  or  trichloroethane. 
Preheat:        No  cyclic  or  large  temperature  differences,    for  1/2"  - 
1/8"   preheat  and  interpass  temperatures  should  be 
between  125Tand  300T. 
Heat  input:  MAX 

1/2"  and  less  45,000  KJ/in 

1/2"  and  above  55,000  KJ/in 

,   _  (Arc  Voltage)  (Welding  Amps)  x  60 
Rate  of  Travel  |inches/min) 

The  following  diagram  shows  what  a  butt  weld  looks  like.  In  the 
experiments  conducted  the  Heat  Affected  Zone  (HAZ)  was  visible  and 
extended  about  a  half  inch  from  the  weld  line. 


21  General  Dynamics  Corporauon  Handbook  for  Welding  HY80,  HYIOO.  and  HY130.  1975. 
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Unaffected 
base  plate 


HAZ 


Rougmy  0.5" 
in  our  experiments 


HAZ 


Unaffected 
base  plate 


Simple  butt  Weld 
Double  Angle 


Figure  10 

A  Bead  on  Edge  is  representative  of  a  butt  weld  but  only  one  side  of 
the  plate  is  used,  and  the  Welder's  Handbook  from  General  Dynamics 
Corporation  was  helpful  in  setting  up  the  Millermatic  GMA  Weld  Machine 
with  the  proper  settings.  The  Weld  Machine  also  has  a  reference  guide  to 
select  die  proper  settings. 
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2.3:     Material  Properties: 


CHEMICAL  COMPOSITION  OF  TEST  PIECES 


MUd  Steel 

HYIOO 

.HY130 

c 

Carbon 

.21 

.20 

.09 

Mn 

Manganese 

1.0 

.1  -  .4 

.71 

P 

Phosphorous 

.05 

.025 

.008 

s 

Sulphur 

.05 

.025 

.003 

Cu 

Copper 

- 

.15 

Si 

Silicon 

-(3) 

.25 

.28 

N. 

Nickel 

-(3) 

3.2 

4.83 

Q 

Chromium 

-(3) 

1.5 

.55 

Mo 

Molybdium 

-(3) 

.40 

.40 

V 

Vanadium 

-(3) 

- 

.08 

Ti 

Titanium 

-(3) 

- 

.005 

Identifier                   ABS  Class  B 

USXTAG328 

Lukens  Steel  TAG323 

Min.  Yield                       30 

100 

130(1) 

Actual  Yield 

139(1) 

Min.  Tensile  Strength       56 

110(2) 

142(2) 

Process                        As  rolled 

Q&T(4) 

Q&T('^) 

Elongation  (in  T)%         28 

18 

24 

Approx  NDT  Range: 

T  -20  to  +40 

-130  or  lower 

-100  or  lower 

Density  (lb/in3)                .29 

.30 

.30 
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%  Reduction  in  Area: 

55  Longitudinal  55  longitudinal 

50  Transverse  53  Transverse 

Cost  1  3.5(5)  5.0(5) 


Notes: 

(1)  -    Acmally  measured  value  from  production  run. 

(2)  -    Usually  10  -  15Ksi  above  minimum  yield. 

(3)  -    Actual  values  of  these  vary  with  supplier  and  can  range  from  .09  - 

1.47c. 

(4)  -    Q&T  =  quenched  and  tempered.  For  the  HY130  the  plate  test  heated 

16251  -  1675T  held  I  hour  per  inch  min.,  and  water  quenched,  then 
tempered  at  1 180T  held  1  hour  per  in  min.  and  again  water 
quenched,  from  the  original  sheet. 

(5)  -    Approximate  cost  relative  to  ABS  Class  B  Mild  Steel. 


Mild  Steel 

HYIOO 

HY130 

Modulus  of  Elasticity  (xW) 

29 

29 

29 

Strength  to  Weight  Ratio  = 
Ultimate  Strength 
(density)  (xlOOO) 

193 

367 

473 

HYIOO  is  covered  under  the  same  MIL-SPEC  specification  as  HY80 
with  slight  differences  in  composition  and  production  process.  Most 
conditions  that  apply  to  HY80  are  also  true  of  HYIOO.  HY130  has  a  little 
more  chemical  difference  and  with  the  increase  in  strength  approaches  a 
strength  to  weight  ratio  similar  to  aluminum.    This  is  interesting  to  point 
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out  for  using  high  strength  steel  in  place  of  aluminum  where  the  weight  is 
critical  and  light  weight  with  high  strength  are  desired.  The  HY130 
compares  favorably  with  the  5083  -  HI  13  which  has  a  strength  to  weight 
ratio  of  480.  5086  -  H34,  490,  and  6061  -  T6  which  has  a  ratio  of  460. 
The  aluminum  alloys  mentioned  above  are  all  used  for  structural  purposes 
and  are  commonly  welded. 
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2.4:    Measurement  of  Residual  Stresses  by  Stress  Relaxation 

The  principle  of  stress  relaxation  is  based  on  the  idea  that  strains 
created  during  unloading  are  elastic  even  when  the  material  itself  has 
undergone  a  plastic  deformation  as  that  occurs  in  welding.  Therefore,  it  is 
the  possible  to  measure  residual  stress  in  the  material  with  no  fore  hand 
knowledge  of  the  material's  history. 

The  method  of  measuring  residual  stresses  employed  in  this 
investigation  was  to  measure  the  strain  in  the  plate  after  it  cooled  down 
form  welding.  The  plate  was  then  cut  and  the  measured  strain  data  was 
taken  to  be  the  strain  associated  with  the  residual  stress.e^,  Ey,  y    represent 

the  elastic  strain  components  of  residual  stress.  The  strain  changes 
£^,  §7,  and  Y^.  If  accurately  measured,  no  residual  stress  exists  when: 
el  =  -e^,  §7  =  -Ey,  Yxy  =  -Yxv  '^^^  minus  sign  indicates  tensile  residual 
stress  exists  and  shrinkage  takes  place  after  relaxation  (cutting  the  plate)  as 
opposed  to  elongation.    The  residual  stress  can  then  be  computed  by  the 

l-v2 '"     '      1-^' 


relation:  <^x  =  — ^  (e^  +  vEy),  Gy  =  — E—  (Sy  +  el),  Oxy  =  -Gvxy. 


where:     a  =  Stress  E  =  Young's  Modulus  of  Elasticity 

e  =  Strain  G  =  Shear  Modulus 

Y  =  Shear  Strain  v  =  Poisson's  Ration 

This  technique  yields  the  average  strain  only  and  does  not  show  highly 
localized  concentrated  strains.   However,  this  technique  is  simple,  reliable, 
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and  is  independent  of  tvpe  of  material  used.   This  technique  is  destructive 
since  you  have  to  cut  the  metal  and  can  be  expensive  and  time  consuming. 

In  our  investigation,  we  discovered  that  cutting  the  high  strength  steels 
was  not  only  time  consuming  but  expensive  as  well.  The  carbide  cutting 
saw  blades  would  only  survive  cutting  two  pieces  of  HY130,  in  particular, 
and  then  had  to  be  replaced  due  to  dullness  or  broken  teeth.  The  same 
occurred  when  milling  HY130  and  HYIOO  to  a  lesser  extent.  We  were 
advised  that  cutters  for  the  milling  machine  cost  $400.00,  and  after  milling 
several  pieces  of  HY130,  the  milling  cutter  had  to  be  replaced. 

Residual  stress  due  to  welding  are  typically  tensile  near  the  weld  and 
compressive  away  from  the  weld.  The  following  diagrams  displays  this: 
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Lcnsimdinal 


I        Only  half  of  diagram 
for  BEAD  on  EDGE 


TENSION 


"Weld  Bead 

iigh  tensile  stress 
near  the  weld 


COMPRESSION 


i 
M 


Compressive 
stress  away  from 
the  weld 


I  Transverse 

Residual  Stress  Distribution  After  Welding 
Figure  12 

Our  results  generally  agreed  favorably  with  predicted  results.  The 
following  four  diagrams  display  predicted  residual  stress  from  previous 
experiments  and  calculated  values. 
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Data  from  "Predicted  Res  Sress  MS" 

Low  Carbon  Steel  (GMA) 


12  3  4  5  6  7 

Distance  from  the  Weld  line  (inch) 


Fisure  13 
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100 


80 


SAE4340 
Q&TSteel  (GMA) 


-Q-   Calculated 
-♦•    Experiment 


0  12  3  4  5  6 

Distance  from  the  Weld  line  (inch) 


Figure  14 
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100 


V3 

60 

40 

ir. 

3 

20 

-40 


Qi:T  Steel  (GNIA) 


•o    Calculated 
-•-    Experiment 


12  3  4  5 

Distance  from  the  Weld  line  (inch) 

Figure  15 
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Stress  (Ksi) 

a 

Analytic 
0   vs 


Experiment. 
Tension 


Predicted  Value  of  Residual 
Stress  in  High  Strength  Steels 


<^      =Yeild  Stress 

ys 

HY130=130Ksi 
HYlOO=100Ksi 

Mild  Steel=35-55Ksi 


Distance 
from  the 
Weld  (in) 


Compression 


Figure  16 

The  residual  stress  examined  in  the  experiments  is  expected  to  be  like  the 
foregoing. 
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CHAPTER  3 

3.0:    Problem  -  Why  High  Strength  Steels  Crack 

The  problems  associated  with  high  strength  steels  have  been  widely 
investigated.  At  MIT.  K.M.  Klein  sponsored  by  the  Navy  wrote  his  thesis 
on  the  subject  as  well  as  J.S.  Hwang  in  1976.  Several  studies  over  the  years 
have  been  completed  by  Professor  K.  Masubuchi  at  MIT  as  well.  In 
discussions  with  Prof.  Masubuchi  and  reviewing  numerous  previous  smdies 
on  residual  stresses  and  problems  associated  with  using  high  strength  steels 
reveal  some  similarities. 

Apparently  when  high  strength  steels  are  welded,  the  weld  pool 
solution  forms  and  the  ponion  of  the  base  metal  which  is  affected  by  the 
high  temperature  that  undergos  changes  is  called  the  Heat  Affected  Zone 
(HAZ). 

In  the  HAZ,  carbide  solutionizing  precipitation  occurs.  The  grain 
boundary  becomes  coarse  and  after  cooling  the  metal  become  brittle.  It  is 
this  precipitation  that  occurs  at  elevated  temperamres  that  cause  the  steel  to 
become  brittle.  The  high  residual  stress  that  exists  exceeds  the  yield  stress 
of  the  metal  and  causes  microfractures  along  the  grain  boundaries,  when  a 
sufficient  number  of  these  cracks  along  the  grain  boundaries  align, 
intergranular  cracking  occurs  and  the  material  fractures.  This  same 
phenomena  can  occur  during  post  weld  heat  treatment  temperatures.  What 
is  clear  is  that  cracking  problems  associated  with  HYI30  in  particular  is  a 
combination  of  normal  residual  stress  internal  to  the  material  with  all  of  its 
alloying  elements,  thermal  residual  stress  caused  by  the  welding  process, 
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and  lastly  the  applied  stresses.  The  thermal  residual  stress  induced  the 
welding  process  are  the  largest  of  the  components  listed  above.  This 
investigation  is  intended  to  focus  on  the  thermal  residual  stress  and  the 
distortion  (metal  movement)  associated  with  the  welding  process. 
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3.2:     Purpose  of  Experimental  Investigation 
3.2.1:      Objective: 

Tne  objecrive  of  this  experimental  investigation  was  to  obtain  a  series 
of  data  which  accurately  display  thermal  and  residual  stresses  and  the 
distonion  in  navy  specified  high  strength  steels  HYIOO  and  HY130.  Mild 
steel  specimens  were  included  as  a  control  and  to  verify  the  results 
obtained.  This  study  required  accurate  measurement  of  temperature,  strain 
and  distonion  for  the  test  specimens  both  during  welding  and  for  some 
time  afterward  to  allow  the  material  to  completely  cool  down.  The  specific 
goal  of  this  entire  investigation  is  to  reduce  both  the  residual  stress  after 
welding  and  the  distortion  associated  with  welding  in  these  high  strength 
steels.  The  target  or  desired  reduction  of  residual  stress  and  distortion  was 
fifty  percent.  Simple  weldments  were  to  be  utilized  to  accomplish  this 
goal.  Weld  bead  on  edge  was  selected  as  the  test  weld  of  choice.  This 
minimized  the  use  of  material,  reduced  cost,  and  yielded  excellent  results. 
Bead  on  edge  is  representative  of  butt  welding  (equivalent  to  one  half  a  butt 
weld).  This  also  simplified  analysis  with  only  one  transverse  side  from  the 
weld  and  eliminated  the  need  to  mill  angles  on  the  edge  for  butt  welding. 

.A  common  problem  which  frequently  arises  from  discussion  and 
literature  in  the  use  of  high  strength  steels  is  cracking.  The  cracking  of  the 
steel  frequently  arises  from  high  residual  stress  associated  with  the  welding 
process  where  the  metal  is  joined.  The  separation  as  a  result  of  distonion 
when  making  long  welds  is  another  attendant  problem  when  using  high 
strength  steel,  both  of  these  problems  are  addressed  in  the  experimental 
investigation  and  a  novel  side  heating  technique  was  utilized  to  reduce  the 
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magnitude  of  both  residual  stresses  and  distortion.  The  secondary  heat 
source  used  was  an  oxy-acetylene  torch  traveling  with  the  welding  arc. 
The  welding  process  used  is  Gas  Metal  Arc  (GMA).  This  process  was 
formerly  known  as  Metal  Inert  Gas  (MIG).  The  experiments  were 
conducted  using  an  automated  GMA  machine  to  ensure  consistency  between 
welds.  From  the  set-up  with  side  heat  shown  in  figure  17,  the  hypothesis 
set  forth  is  that  a  secondary  point  source  introduced  with  the  intention  of 
opposing  the  thermal  effects  of  the  weld  arc  can  effectively  reduce  both 
residual  stress  and  distortion  and  hence  diminish  these  attendant  problems 
associated  with  the  use  of  High  Yield  Steels.  Specifically,  a  side  heat  torch 
can  reduce  significantly  both  residual  stress  and  distortion  in  the  High 
Strength  Steel. 

The  experimental  investigation  is  set-up  in  three  phases: 
Phase  1  -  Establish  temperature,  strain  and  distonion  profiles  for  all  three 

5teels  and  to  provide  a  baseline  residual  stress  for  Mild  Steel, 

HYIOO,  and  HY130  without  Side  Heat. 
Phase  2  -  To  determine  what  and  where  the  secondary  heat  source  should 

be  placed  and  confirm  the  hypothesis. 
Phase  3  -  Again,  replicate  temperature,  strain  and  distortion  profiles  and  to 

measure  residual  stress  using  stress  relaxation  to  determine  how 

much  average  residual  stress  is  reduced. 
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Automated 
Gas  Metal  Arc 
Welding  Machine 


TEST  Plate 


Adjustable  mount 
to  position  the  torch 


Flame  outer 

envelope 

(ignored) 


Figure  17 


59 


3.3:    Experimental    Investigation 
3.3.1:     Preparation: 

During  the  months  of  February  and  March,  equipment  for  this 
experimental  investigation  was  gathered  and  set-up.  The  test  plate  steel  was 
obtained  form  David  Taylor  Naval  Research  Center  in  Annapolis,  MD.  To 
manage  the  data,  an  HP3852A  Data  Acquisition  machine  was  purchased 
with  modules  to  handle  up  to  20  strain  gages  and  then  thermocouples 
simultaneously.  The  personal  computer  used  was  an  AT&T  6300  type,  and 
IBM  XT  compatible  with  a  640K  RAM.  We  had  to  purchase  a  Hard  Disk 
and  install  a  board  to  put  in  this  computer  to  be  able  to  run  the  data 
managing  software  associated  with  the  HP3852A.  Nearly  a  month  was 
spent  in  getting  the  personal  computer  and  HP3852A  running  together.  In 
addition,  the  HP3852A  that  we  purchased  had  a  bad  memory  board  which 
had  to  be  replaced.  Several  trips  to  the  Hewlett  Packard  facility  in 
Burlington,  MA  were  required  to  finally  straighten  this  out. 

The  strain  gages  for  this  experiment  were  acquired  from  the  Hottinger 

Baldwin  Measurement  Co.,  Inc.  which  has  a  facility  in  nearby 
Framingham,  MA.  XYll,  two  dimensional  350Q  strain  gages  were 
selected  (see  appendix  3  for  details  on  strain  gages). 

The  thermocouples  utilized  in  the  experiments  were  obtained  form 
Omega  Engineering  Co.,  K-type  Cromel-Alumel  thermocouples  were 
selected  for  use  due  to  their  wide  temperature  range  and  ruggedness  (see 
appendix  4  for  more  details  on  thermocouples). 
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3.3.2:      Experimental   Procedure 

Appendix  I  -  Experimental  Synopses  gives  a  detailed  account  of  what 
occurred  in  each  experiment. 

Phase  I  -  the  objective  of  the  first  phase  was  to  establish  temperature 
and  strain  profiles  for  the  material  being  used:  Mild  Steel, 
HYIOO,  and  HY130.  The  Mild  Steel  was  the  control  piece, 
while  die  vouch  of  the  investigation  was  the  high  strength  steel 
HYIOO  and  HY 130. 

Plate  Preparation  -  the  specimens  used  in  this  study  was  1/2"  thick 
Mild  Steel,  Navy  specified  high  strength  steels  HYIOO  and 
HY180.  the  standard  specimen  size  for  this  investigation  was 
5.5"  wide  and  18"  long.  During  the  full  series  experiments 
(#4  -  #6)  4  thermocouples  and  4  XY  strain  gages  were 
mounted,  3  dial  gages  were  fitted  at  the  bottom  of  the  plate  to 
record  distortion  in  .0001"  increments. 
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Front  View 
Figure  18 

Surface  Preparation  -  the  specimens  were  prepared  as  follows: 

•  The  surface  was  cleaned  using  a  disc  sanding  wheel  to  remove 
paint,  oxides,  oil,  and  all  foreign  matter. 
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»  The  surface,  once  smooth,  was  cleaned  with  acetone. 

•  The  strain  gages  were  mounted  at  I"  intervals  from  the  top  of 

the  plate  using  the  Z70  quick  dry  adhesive.  The  strain  ease 
were  pain  stakingly  handled  with  tweezers  during  mountinc^, 
never  touched  by  hand,  and  only  removed  from  their 
package  just  to  mount  them. 

•  Single  conductor  shielded  cable  was  soldered  to  the  strain  gages. 

'  Clear  RTV  compound  was  placed  over  the  entire  strain  gage  and 
a  portion  of  the  wire  to  cover  from  foreign  matter  and  help 
hold  the  wires  in  place. 

'  Thermocouples  were  then  positioned  on  the  plates  at  1"  apart. 
A  thermally  conductive  adhesive  was  placed  at  the  junction  to 
hold  the  tip  in  place.  Glass  tape  was  placed  under  the 
remaining  pat  of  the  thermocouple  wire  to  insulate  it  form 
the  plate. 

'  After  the  thermocouples  were  fitted,  more  RTV  was  used  to 
cover  the  instruments  mounted,  and  after  the  RTV  dried,  the 
entire  area  was  covered  with  glass  tape  for  protection. 

'  Starter  tabs  were  then  tack  welded  onto  the  plates,  using  a 
Helliarc  manual  welding  machine. 

'  The  plate  was  then  mounted  so  that  the  temperature  profiles 
obtained  in  experiments  #4  -  #6  agreed  well  with  predicted 
values.  Graphs  displaying  the  temperature  profile  for  the 
Mild  Steel,  HYIOO,  HY130,  and  a  comparison  of 
temperatures  at  0.5"  from  the  weld  line  confirmed  this. 
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The  following  temperature  profiles  were  obtained  in  the  first  full 
series  of  expenments  from  Phase  1: 
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Figure  19 
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Fi2ure  20 
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Figure  21 
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Data  from  Temp  Senes  #4-6" 


Weld  .-^rc  arrives 


300  600 

Time  in  seconds 


Fi2ure  22 
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The  strain  was  also  examined  both  longitudinally  and  transverse  on 

each  type  of  steel. 
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Figure  23 
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2000  I Data  from   Strain  ( y)  MS  #4  w/Tcomp' 
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Fisure  24 
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:000  I Data  from  •StraiiKx)  HYIOO  #5  w/Tcomp' 
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Figure  26 
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2000  I Data  trom   ScrainCx)  HY130  #6  w/Tcomp" 
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Figure  27 
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Figure  28 
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'  The  longiaidinai  and  transverse  strain  was  also  examined  at  1.0  mcli 
from  the  weld  Hne  on  a  single  plot: 
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Figure   29 


The  HYIOO  rose  to  the  highest  temperature.     These  profiles  looked 
excellent  when  compared  to  predicted  values. 
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Figure  30 

This  completed  the  Phase  I  of  this  project  and  established  baseline  residual 
stress  data  (contained  in  appendix  2).  The  data  table  18  shows  the  strain 
readings  before  and  after  cutting. 

Phase  n  -  the  second  phase  of  this  investigation  involved  several  series 
of  experiments  examining  the  distortion  on  these  three  steels. 
First  to  measure  the  distortion  without  side  heating,  then  to 
measure  the  distortion  with  side  heating.  A  set  of  experiments 
was  also  conducted  using  side  heat  ordy  to  isolate  the  effects  of  die 
side  heat.  This  involved  experiments  #8  through  #25.  All  the 
distortion  data  is  compiled  in  data  tables  19,  "Distortion"  and  data 
table  20  "Side  Heat  Only"  in  appendix  2. 
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The  distortion  experiments  were  interesting  and  revealina. 
Initially,  a  distortion  profile  was  established  for  each  type  of 
sreel.  and  the  distortion  at  the  midpoint  (9")  examined  for  all 
pieces  for  ease  of  comparison  and  scales  were  matched.  The 
distortion  measured  on  the  deal  gages  is  opposite  to  hat  is 
occurring  at  the  weld  line. 
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Figure  31 

In  figure  31,  the  distortion  is  initially  negative  (compressive)  which 
means  the  top  of  the  plate  where  the  welding  occurs  is  above  the  plate's 
neutral  axis  and  therefore  must  be  in  tension. 
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Fi2ure  32 
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The  highest  distonion  readings  in  tension  were  attained  on  HYIOO 
then  HY130  and  Mild  Steel,  but  the  swing  from  tension  to  compression  was 
widest  for  the  Mild  Steel,  then  HYIOO  followed  by  HY130.  After  cooling 
down  the  final  distortion  readings  were  lowest  on  HY130  (see  figure  34; 
which  shows  this  at  die  midpoint. 


78 


0.02 


0.01 


0.00 


-  Da[a  from  DISTORTION  Table#I 


a  -0.01 


-0.02 


'  Weldin 


300 
~T After  Welding 
During  Weldin60 


600 
Time  in  Seconds 


Figure  34 
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Next  the  distortion  with  side  heating  was  examined.  A  considerable 
reduction  in  all  distortion  readings  were  observed  asain 
compared  at  the  midpoint. 
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Figure  35 


Notice  the  dramatic  reduction  in  distortion  during  welding  comparing 
figure  31  and  35  for  the  Mild  Steel  (roughly  50%). 
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Figure  36 


Again,  look  back  at  figure  32  and  notice  the  reduction  which  is  about 


50%. 
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Fi2ure  37 


Compare  with  figure  33,  again  about  50%  reduction  during  welding. 
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The  next  series  of  graphs  display  the  results  of  positioning  the  side 
heating  torch  9"  ahead  of  the  arc  longitudinally  (30  sec). 
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Figure  38 


The  side  heating  ahead  causes  the  distortion  to  be  nearly  zero  during 
welding,  but  shortly  afterward  the  metal  continues  to  move  in  tension  form 
the  effects  of  the  arc. 
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Again,  the  metal  movement  opposes  the  effect  of  the  arc  and  distonion 
is  near  zero  at  the  completion  of  the  weld. 
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Figure  40 


The  distortion  rate  with  HY130  is  fastest,  but  it  is  smaller  in 
magnitude  compared  to  HYIOO  or  Mild  Steel. 
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Tne  next  series  of  graphs  display  the  results  of  positioning  the  side 
hejting  torch  9"  behind  and  matched  on  Mild  Steel  of  the  arc 
longimdinailv  (30  sec). 
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Placing  side  heat  behind  the  arc  causes  the  plate  to  accelerate  into 
compression  and  has  little  effect  on  the  magnitude  of  distonion.  Compare 
this  fi2ure  41  with  fisure  31  to  see  this. 
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Figure  42 


Again  the  plate  is  accelerated  into  compression  with  little  effect  on 
final  distonion.  However,  distortion  during  welding  was  slightly  reduced 
with  HY 100. 
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-  Data  from  ■DISTORTION  Table#l  cont' 
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Again,  as  with  the  HYIOO,  the  HY130  plate  was  accelerated  into 
compression  and  the  distortion  during  welding  was  sHghtly  reduced  (10%  - 
20%). 
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The  effects  of  the  side  heating  alone  were  examined  on  a  separate 
series  of  tests  with  side  heat  only  (table  20). 
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Figure  44 

The  effect  of  the  Side  Heat  alone  shows  that  the  Side  Heat  causes  metal 
movement  that  does  directly  oppose  the  movement  caused  by  the  arc. 
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'  For  close  scrutiny  a  set  a  graphs  depicting  each  steel  with  and 
•.viLhout  side  heating  and  with  side  heat  only  reveals  just  how- 
much  of  a  desirable  effect  the  side  heat  has. 
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Figure  45 


The  above  figure  shows  clearly  how  the  distonion  is  being  reduced  by 
the  side  heat  (notice  the  "With  Side  Heat"  Curve  Above). 
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Fi2ure  46 


Again,  notice  the  "With  Side  Heat"  curve  on  the  HYIOO  piece  above  in 
figure  46.  The  following  curve  showing  HY130  again  shows  both  the 
reductions  in  distortion  during  welding  and  the  slowed  rate  of  distortion 
both  of  which  are  beneficial. 
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What  was  determined  from  shifting  the  side  heat  around  is  that  it  has 
the  best  effect  if  it  is  roughly  positioned  same  as  the  arc  or  slightly  ahead 
(by  eyeball).  This  conclusion  is  so  significant  in  that  the  side  heating  will 
work  well  so  long  as  it  is  close  to  the  arc  longitudinally  and  preferably 
slightly  ahead,  it  does  not  have  to  be  precise.  Little  difference  was  noted 
when  the  side  heat  was  2  1/4"  ahead  (7  sec),  and  when  it  was  matched 
longitudinally.  Therefore,  this  could  also  be  used  manually  as  long  as  the 
secondary  heat  source  is  moved  roughly  along  with  the  weld  arc  and 
approximately  3"  -  5"  transverse. 

What  is  most  noteworthy  is  the  effect  on  distortion  during  welding. 
This  value  is  reduced  significantly  in  every  situation  which  confirms  the 
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hypothesis  that  introduction  of  a  secondary  heat  source  away  form  the  weld 
can  be  effectively  utilized  to  counter  the  thermal  effects  from  the  weld  arc. 
While  the  side  heat  input  is  not  a  great  as  the  weld  arc,  the  side  heat  is 
spread  over  a  wider  area  (since  the  flame  represents  a  poor  point  source) 
and  moves  metal  over  a  wide  area  to  oppose  the  movement  from  the  weld 
arc.  These  diagrams  confirm  that  the  distortion  during  welding  can  be  cut 
in  half  in  using  this  technique. 
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3.3.3:     Residual  Stress: 

This  final  series  of  data  collected  from  experiments  #26  -  #28  and 
again  the  temperature,  strain,  and  distortion  data  with  the  side  heat  now 
matched  to  the  arc  longitudinally  and  4"  transverse  was  taken.  An 
additional  two  experiments  were  run  because  during  the  stress  relieving 
cutting  process  to  get  the  residual  stress  on  HYIOO  and  HY130,  the  strain 
gages  closest  to  the  weld  were  damaged.  These  tests  were  run  to  verify  die 
strain  data  previously  collected  in  experiments  #27  and  #28  at  1". 

The  temperature,  strain,  and  distortion  data  collected  was  similar  to 
experiments  #4  -  #6  with  the  exception  of  the  raised  temperature  readings 
far  way  from  the  weld  so  the  graphs  were  excluded,  but  the  data  is 
included  in  appendix  2.  In  this  section,  the  residual  stress  is  the  salient 
quantity  examined.  The  experimental  set-up  was  as  follow: 
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Figure  49 


Of  course,  automated  welding  processes  are  best  because  the  optimum  side 
heat  position  can  be  determined  and  set  for  a  particular  material  being 
welded.  Again,  the  temperature,  strain,  and  distortion  data  was  tabulated 
and  examined  to  see  if  any  significant  differences  occurred  from  the  first 
series  of  data  (experiments  #4  -  #6).  Other  than  elevated  temperatures  at  3 
at  3"  and  4"  away  from  the  weld,  the  profiles  were  similar  to  those 
previously  shown.  However,  a  close  examination  of  the  residual  stress  is  in 
order! 
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Residual  Stresses  Data  Compared  w/o  Side  Heat  and  w/Side  Heat 
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Figure  50 


As  expected,  the  residual  stress  is  tensile  close  to  the  weld  and  goes 
compressive  at  about  1.5"  from  the  weld  line.  This  is  a  little  further  away 
form  the  weld  than  anticipated,  but  he  results  on  all  these  tests  were 
similar.  Previous  experiments  show  the  crossover  form  tension  to 
compression  much  closer  to  the  weld  line.  But  this  is  a  function  of  heat 
input  and  the  size  of  the  plate.  Our  plates  are  as  small  as  possible  and  still 
get  valid  residual  stress  readings  (see  figures  13  though  16). 
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-Data  from  "Residual" 
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Figure  51 

On  HYIOO,  the  crossover  form  tension  to  compression  is  closer  to  2" 
away  from  the  weld  and  our  test  pieces  stayed  compressive  away  from  the 
weld  line. 
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Figure  52 

Again,  the  crossover  is  closer  to  2"  from  the  weld.    AT  least  the 
HY130  pieces  did  begin  to  turn  toward  tension  as  in  figure  16. 
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Data  tTom  "Residual" 
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Figure  53 

Compare  the  above  with  figure  50,  but  notice  the  scale  of  the  residual 
stress  value,  it  looks  similar  but  is  reduced  significantly. 
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Again,  with  HYIOO  compare  figure  54  above  with  figure  51  to  see  the 
reduction.' 
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Figure  55 

Again,  both  longitude  and  transverse  residual  stress  is  reduced. 

The  next  three  graphs  show  the  residual  stress  both  before  without 
Side  Heat,  and  after  Side  Heat  is  used. 
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Fi2ure  57 
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The  next  three  graphs  show  the  residual  stress  compare  with  each 

piece  together.   • 
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Figure  59 

Longitudinally  HY130  as  expected  had  the  highest  value  and  Mild  Steel 
the  lowest. 
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Figure  61 

With  Side  Heat  HYIOO  had  the  highest  residual  stress.  This  means  that 
this  technique  works  best  with  HY130. 
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-  Data  from  "Residual' 
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Figure  62 

Transverse  residual  stresses  were  also  reduced  in  all  three  steels  but  by 
a  smaller  amount  than  the  longitudinal  residual  stress. 
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3.3.4:    List   of  Equipment: 

1  -  Millermatic  Automated  Gas  Metal  Arc  (GMA)  Welding  Machine. 

2  -  E~OS  ueld  sire  reel  (mounted  on  the  Millermatic). 

3  -  HP3852A,  Data  Acquisition  and  Control  System. 

4  -  HBM  XYl  1  Strain  Gages,  Z-70  cement,  and  S-5  mounting  kit. 

5  -  Omega  Engineermg  Type  K,  Cromel-Alumel  Thermocouples  with 

quick  disconnect  OST  plugs  with  type  K  compensation  wire,  and 
thermally  conductive  adhesive  for  mounting. 

6  -       PC6300  AT&T  Personal  Computer  with  Hardcard  20,  20MB  hard 

disc  and  HP  Data  Magazine  Control  Board  to  run  software. 

7  -       HP  DC  Power  Supply  (Reference  for  strain  gage  bridges). 

8  -       DVM. 

9  -       Simpson  260  (predominantly  used  for  resistance  continuity  checks) 

10  -  Single  wire  shielded  cable. 

1 1  -  Fabricated  adjustable  mounting  for  the  side  heat. 

12  -  Oxy-acetylene  torch  with  hoses  and  cylinders. 

13  -  Helliarc  Manual  Welding  Machine  (for  talk  welding  starter  tabs). 
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3.4:     Residual  Stress  Analysis  in  Ksi 

Measured  Residual  Stresses 
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weld: 
Long. 
Trans. 

W/o  Side   Heat 

8.57 
-2.46 

W/Side    Heat 

5.632 
-1.907 

HYIOO 

Long. 
Trans. 

23.99 

3.88 

15.99 
2.59 

HY130 

Long. 
Trans. 

20.35 
9.26 

15.65 
7.125 

at  2"  from 
Mild  Steel 

weld: 
Long. 
Trans. 

-8.34 
1.18 

-4.290 
1.154 

HYIOO 

Long. 
Trans. 

-2.23 
3.323 

-1.925 

2.274 

HY130 

Long. 
Trans. 

-12.06 
-1.59 

-10.08 

-1.427 

at  3"  from 
Mild  Steel 

weld: 
Long. 
Trans. 

-2.47 
5.41 

-1.764 
3.864 

HYIOO 

Long. 
Trans. 

-10.13 
-6.54 

-5.552 
-3.699 

HY130 

Long. 
Trans. 

-8.09 
-12.27 

-4.924 
-8.509 

at   4"from 
Mild   Steel 

weld: 
Long. 
Trans. 

-2.56 
6.172 

4.115 
-8.452 

HYIOO 

Long. 
Trans. 

-11.97 
-6.44 

-8.452 
-4.063 

HY130 

Long. 
Trans. 

-5.95 
-10.18 

-4.251 
-7.730 

^c    Mao.    Rednrrinn 

34.28% 

22.47% 

33.35% 
33.25% 

23.10% 
23.06% 


48.56% 
38.62% 

17.38% 
31.57% 

16.42% 
10.25% 


28.58% 
28.63% 

45.19% 

43.44% 

39.17% 
30.7% 


33.48% 
36.91% 

29.39% 
36.91% 

28.55% 
24.07% 
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3.5:     Conclusions: 


1 


The  temperature  distributions  obtained  in  these  experiments  were 
excellent  and  agreed  well  with  analytical  predictions  on  all  three 
pieces  of  steel.  HYIOO  consistently  rose  to  the  highest 
temperatures  among  the  three  steels  tested  with  same  welding 
condition. 


2  -    The  Strain  measurements  also  yielded  distributions  which  agreed 

well  with  predicted  values  for  all  three  steels. 

3  -    The  strain  longitudinal  values  measured  were  tensile  near  the 

weld  1"  and  did  become  compressive  further  away  from  the  weld 
as  anticipated. 

4  -    The  distortion  readings  obtained  during  the  experiments  proved 

to  be  helpful  in  determining  the  overall  metal  movement  from  the 
thermal  effects  of  both  the  welding  arc  and  the  side  heating  torch. 
With  side  heat,  the  distortion  during  welding  was  typically  cut  in 
half. 

5  -    The  residual  stresses  measured  were  in  line  with  predicted  values 

for  establishing  a  baseline  in  the  first  phase  of  this  investigation. 
The  first  phase  was  without  side  heating  for  all  three  steels.  In 
the  third  and  final  phase  the  residual  stress  measured  using  the 
side  heating  ranged  from  17  -  39%.    In  all  situations  tested,  the 
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side  heating  reduced  the  magnitude  of  the  residual  stress 
regardless  ot  the  type  of  steel. 

6  -    Positioning  the  side  heat  torch  longiuidinally  ahead  of  arc  9"  (30 

sec.)  or  behind  9"  (30  sec),  although  some  reduction  in  distortion 
and  residual  stress  is  evident,  did  not  yield  the  best  result.  Side 
heating  matched  to  the  arc  is  longitude  proved  to  be  best. 

7  -    Side  heating  can  be  used  as  a  method  to  not  only  reduce  residual 

stress  and  distortion,  but  it  can  also  be  used  to  control  the 
distortion  during  welding.  This  "in  process  control"  can  be 
accomplished  by  monitoring  the  metal  movement  and  increasing 
or  decreasing  the  side  heat  to  control  the  attendant  metal 
movement  durins  welding. 
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Chapter  4: 

4.0:     Further  Study 

4.0.1:     Use  on  Other  Materials 

The  most  significant  feature  of  this  investigation  is  the  50%  reduction 
in  distortion  achieved  during  welding  with  the  side  heat.  Since  the 
distortion  and  metal  movement  are  related  to  the  residual  stress,  the 
residual  stress  was  also  generally  by  about  30%.  The  highly  localized 
residual  stress  so  commonly  discussed  when  it  applies  to  high  strength 
steels  was  not  examined  during  these  experiments.  The  focus  of  this 
investigation  was  on  arresting  the  distortion  during  welding  and  searching 
for  a  way  to  control  this.  There  is  little  doubt  that  the  side  heating  reduces 
the  distortion  significantly  for  all  these  steels:  Mild  Steel,  HYIOO,  and 
HY130.  This  is  also  no  reason  not  to  assume  that  this  same  technique  will 
work  on  anything  that  can  be  welded  and  displays  the  same  type  of 
distonion  response  cur\e  that  is  high  tensile  near  the  weld  and  compressive 
further  away  from  the  weld.  This  applies  to  all  other  types  of  welded 
material.  The  equipment  set-up  as  is.  would  require  some  small 
adjustments  to  accommodate  other  materials.  This  technique  may  not  work 
as  well  with  those  precipitation  hardened  materials  like  HSLA  steels  as  it 
has  in  this  investigation.  But  even  applying  this  technique  to  a  precipitation 
hardened  material  may  work  well  enough  with  some  small  degradation  of 
material  characteristics.  For  example,  sacrificing  a  small  amount  of  nil 
•  ductility  and  fracture  toughness  may  be  tolerable  when  the  potential  to 
eliminate  the  distortion  of  HSLA  steel  is  desired.  There  is  some  HSLAIOO 
1/2"  steel  plate  in  die  lab  that  could  be  tested  in  future  experiments. 
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4.1:     In  Process  Control: 

The  side  heat  needs  to  be  controlled  and  some  method  for  monitorins 
the  metal  movement  is  necessary.  One  method  is  to  run  a  series  of  tests  to 
obtain  optimum  side  heat  positioning  and  heat  input  and  by  knowing  what 
the  temperature  should  be  at  a  cenain  point(s),  dien  sliding  thermocouples 
can  be  used  to  control  the  side  heat  to  maintain  the  temperature  at  certain 
known  points  constant  during  welding.  This  method  is  cheap  and  uses 
temperature  as  the  control  as  opposed  to  the  strain  which  is  more  closely 
related  to  the  distortion.  Rolling  strain  gages  are  available  and  can  easily 
be  adapted  to  the  Millermatic  GMA  weld  machine.  This  method  is  surely 
the  cheapest,  but  it  may  also  be  inadequate  for  large  distortion  in 
magnitude  or  very  rapid  changes. 

A  more  direct  approach  is  to  measure  the  metal  movement  by 
distortion  gage  reading,  strain  or  a  combination.  Rolling  or  moving  strain 
transducers  do  seem  to  be  non-existent  but  movement  dial  gages  can  be 
affixed  to  welding  machine  just  like  the  side  heat  to  monitor  the  metal 
movement  during  welding.  An  optical  or  laser  measuring  device  would 
probably  be  the  best  for  this  situation. 

The  welding  lab  used  in  this  study  has  side  heating  torches  which  are 
not  remotely  adjustible.  A  device  to  sense  the  heat  input  to  the  metal,  or 
output  of  the  torch  if  the  heat  input  carmot  be  measured,  that  can  be 
throttled  up  and  down  is  needed.  In  the  current  set-up,  if  the  dial  gages  go 
negative,  then  increase  the  heat  of  the  torch  until  it  reaches  zero,  or  nearly 
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so.  and  vice  versa,  if  the  dial  gage  goes  positive  decrease  the  heat  of  th 
secondar>'  source. 

Realistically,  the  side  heat  should  be  used  to  arrest  the  movement  of 
the  metal  during  welding  therefore,  some  distortion  will  have  to  be 
tolerated.  If  the  torch  heat  is  increased  so  the  distortion  reads  zero,  it  will 
probably  cause  the  material  to  have  much  higher  tensile  strain  when  it 
cools  down.  In  short,  a  side  heating  technique  would  be  excellent  for  in 
process  control  of  distonion  and  residual  stress. 
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4.2:     Impact  on  Industrial  Use 

Side  heating  is  independent  of  the  type  of  welding  process  used  or  type 
of  metal  being  welded.  Therefore,  it  can  be  used  throughout  the  industry 
where  welding  is  common. 

For  example,  in  shipyards  where  long  weldments  are  common  when 
welding  hull  plates  together,  side  heat  could  be  used  to  solve  some  of  the 
mism.atching  that  occurs  when  making  very  long  welds.  Metal  separation 
from  distortion  at  times  renders  very  large  plates  useless.  If  the  distortion 
could  be  controlled  and  reduced  by  this  process  a  considerable  dollar 
savings  could  result.  10  -  20%  of  the  plates  when  joining  a  ship  together 
generally  became  a  problem  during  construction.  Very  often  joint 
mismatches  are  patched  over  and  sometimes  the  plate  replaced.  Even  using 
Mild  Steel  at  Sl/lb,  a  6  x  6  foot  square  plate  weights  752  lbs  and  costS 
752.00.  HYIOO  and  HY130  cost  approximately  three  times  and  four  times 
the  Mild  Steel  respectively.  To  save  a  single  plate  form  being  rendered 
useless  equates  to  over  $3000.00  if  using  HY130.  This  does  not  include  the 
cost  of  patching,  weld  wires  weld  machine,  or  the  welder's  time. 

Even  effectively  reducing  the  10%  waste  in  the  structural  expense  that 
occurs  could  mean  significant  savings  into  the  millions  of  dollars  in 
fabrication  costs  involved  in  very  large  projects,  like  building  aircraft 
carriers. 
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Summary 

The  test  results  of  this  investigation  validate  the  hypothesis  that  a 
secondary  heat  source  can  be  used  effectively  to  counter  the  thermal  effects 
of  arc  welding,  and  reduce  the  attendant  residual  stress  up  to  39%  and 
distonion  up  to  50%  in  the  high  strength  steels  of  HYIOO  and  HY130.  The 
tests  proved  to  be  just  as  effective  on  Mild  Steel.  In  fact,  the  graphs  using 
the  side  heating  and  the  analysis  suggest  this  technique  can  be  applied  to  any 
welded  material  to  achieve  sunilar  results. 

The  focus  of  this  investigation  was  on  HYIOO  and  HY130.  There  is 
little  doubt  that  the  distortion  during  welding,  which  is  directly  responsible 
for  the  plate's  separation,  is  reduced  and  thereby  allowing  for  these  high 
strength  steels  to  be  more  "weldable".  In  addition  with  the  residual  stresses 
reduced  and  the  rate  metal  movement  slowed,  the  tendency  for  these  high 
strength  steels  to  crack  is  reduced  as  well. 

The  theory  of  using  opposing  thermal  forces  is  proven  with  this 
investigation.  So  far  as  metal  movement  as  a  result  of  welding  is 
concerned,  the  tests  conducted  in  this  investigation  have  shown  that  this 
movement  can  be  modified  and  adjusted,  which  means  that  it  can  be 
controlled  in  process. 

Although  the  test  pieces  were  not  examined  on  a  microscopic  scale 
where  the  evidence  of  highly  localized  residual  stress  may  exist,  these 
experiments  have  shown  that  it  is  likely  that  even  those  localized  high 
residual  stress  in  the  HAZ  must  also  be  somewhat  relieved.  It  is  likely  that 
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high  measured  residual  stress,  rapid  or  large  amounts  of  metal  movements 
for  distortion  are  also  associated  with  highly  localized  residual  stress  in  the 
HAZ. 

This  simple  side  heating  technique  should  be  considered  in  similar 
situations  where  there  is  a  cracking  problem  primarily  due  to  residual 
stress  in  other  t>pes  of  material.  For  example,  Aluminum  alloys.  Titanium 
alloys,  and  other  steels  which  are  susceptible  to  retaining  high  residual 
stresses  as  a  result  of  welding. 


119 


References 


\)  Masubuchi.  K..  Analysis  of  Welded  Structures  -  Residual  Stresses 
Distortion  and  Their  Consequences",  Pergamon  Press,  1980. 

2)  Cook.  N.H..  'Mechanics  and  Materials  for  Design",  McGraw-Hill 
19o4. 

3)  Phillips.  A.L..  editor,  "Current  Welding  Practices",  American 
Welding  Society.  1964. 

4)  Boulton,  N.S.  and  H.E.  Lance-Martin,  "Residual  Stresses  in  Arc 
Welded  Plates'.  Proceedings  of  the  Institution  of  mechanical 
Engineermg,  1936. 

5)  Rosenthal,  D.  and  R.  Schmerber,  "Thermal  Study  of  Arc  Welding", 
Welding  Journal  17  (4).  Supplement  208,  1938. 

6)  Rykalin,  N.N.,  "Calculation  of  the  Heat  Process  in  Welding",  printed 
in  the  USSR,  1960. 

7)  Hildebrand.  F.B.,  'Advanced  Calculus  for  .Applications",  Prentice 
HaU,  1976. 

8)  Carlsberg,  J.,  "Review  and  Assessment  of  Linear  Elastic  Analysis 
Techniques  for  Surface  Cracks  in  Structural  Details  With  Residual 
Stresses ".  DTNRDC  -  84/1070,  March  1985. 

9)  Meitzener,  C.F.,  "Stress  Relief  Cracking  in  Steel  Weldments", 
Welding  Research  Council  Bulletin  149,  April  1970. 

10)  Masubuchi.  K..  "Control  of  Distortion  and  shrinkage  During 
Welding",  Welding  Research  Council  Bulletin  149,  April  1970. 

11)  Masubuchi,  K.  and  D.C.  Martin,  "Investigation  of  Residual  Stresses 
by  Use  of  Hydrogen  Cracking",  Part  I  and  Part  II,  Welding  Journal. 
Vol.  40,  No.'l2,  Research  Supplement,  1966. 

12)  Kihara,  H.  and  Ikeda  Y.,  "Briiile  Fracture  Strength  of  the  Welded 
Joint",  Welding    Journal.  Vol.  49,  Research  Supplement,   1970. 


120 


13)  DeGarmo,  et.  al..  "The  Effect  of  Weld  Length  Upon  Residual 
Stresses  ot  Unrestrained  Butt  Welds".  Welding  Journal  Vol.  25 
(S'.    Research    Supplement.    1946. 

14)  General  Dynamics  Corporation,  "Welder's  Handbook  for  Weldincj 
HVSO.  HYIOO.  and  HY130",   1975. 

15)  Hoffman,  K.,  The  Strain  Gauge,  a  Universal  Tool  of  the 
Experimental  Stress  .Analysis",  HBM  vd.  73004e,  printed  in 
West.   Germany,    1988. 

16j  National  Bureau  ot  Standards,  Circular  #561.  "Table  for 
Thermocouples,  Type  K,  Ni  -  Cr  vs.  N'iAl  (Cromel-Alumel) 
Thermocouples '. 

17)  OMEGA  Complete  Temperature  Measurement  handbook  and 
Encyclopedia,  Vol.  26  OMEGA  ENGINEERING  CO.  CATALOGUE, 

1989. 

18)  ARMY  TRAINING  MANX'AL,  TM  9-2852,   110-111,  p.  94  -   110. 


121 


Appendix   1 
EXPERIMENT     SYNOPOSIS 


Experiment  #1:     Mild  Steel  5.5"  x  18"      Bead  on  Edge 

Set-up: 

This  experiment  was  conducted  on  a  piece  of  Mild  Steel  with  dimensions  of 
12  inches  long,  5.5  inches  wide,  and  .5  inches  thick.  Three  longitudinal 
strain  gages--  were  mounted  at  1.25  inches,  3  inches,  and  4.75  inches  from 
the  weld  respectively.  The  connecting  wire  to  the  strain  gages  from  the 
terminal  block  was  not  shielded  cable,  but  the  cable  from  the  terminal 
block  to  the  test  equipment  was  shielded.  The  strain  gages  were  connected 
to  channels  0.  1.  and  2.  respectively  of  the  HP3852A  Data  Acquisition 
.Machine.  The  HP3852.A  was  connected  to  the  AT&T  6300  Personal 
Computer  with  a  HP  Language  Processor  board  for  communicating  with 
the  HP3852A  and  a  Hardcard  20,  20MB  hard  disk  installed.  The  cable 
from  the  terminal  block  was  shielded  cable.  The  initial  welding  conditions 
and  settings  for  the  Millermatic  Gas  Metal  Arc  (GMA)  automatic  welding 
machine  was: 


-'  HBM  XYl  I  type  strain  gages,  see  appendix  3  for  specifications  and  details. 
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^^ihl^mi  Mild  Steel 

"^^'ii-e  E70S 

Wire  Diameter  .045  inches 

Transfer  Type  Spray 

Gas  Row  Rose  30  CFH  of  Ar  98%  /  2%  O2  Shield  Gas 


Millermatic  Settings: 

1.  Pre-flow  Time 

2.  Run  in 

3.  Spot  Time 

4.  Spot/continuous 

5.  Time  range 

6.  Bumback  Time 

7.  Post  flow  Time 
DC  volts 

Wire  Feed  Speed 
Carriage  control: 

1 .  Auto/man 

2.  Weld  speed 
Actual  speed 

Power  Supply 


1  second 

20  seconds 

3  seconds 

continuous 

high  (2.5  -  5  sec) 

.85  seconds 

2  seconds 

25  volts 

400ipm 

manual 

.66  setting 

(385  in/sec  calibrated) 

25  volts/200  amps 


The  foregoing  settings  provided  a  weld  heat  input  of  12.987  KJ/inches. 
"Tempo-lac"  temperature  lacquer  was  also  painted  on  the  plate  to  get  a 
general  idea  of  the  heat  on  the  surface  of  the  plate  for  subsequent 


123 


ihermocouple  moun[ing  in  follow  experiments.  Previous  practice  beads  on 
old  plate  indicated  excessive  spatter  might  be  a  problem  for  the  unshielded 
wire  attached  to  the  strain  gages  and  fear  of  the  weld  bead  falling  off  the 
edge  of  the  plate  prompted  the  use  a  small  splash  plate  mounted  on  the  test 
plate  using  thin  sheet  steel  1  inch  wide.  The  splash  plate  was  held  on  by 
pressure  clips  made  of  the  same  sheet  steel.The  weld  speed  setting  on  the 
welding  machine  was  way  out  of  alignment.  The  weld  speed  was  calibrated 
using  a  stop  watch  and  a  ruler. 


Purpose: 

The  purpose  of  this  experiment  was  to: 

1.  Venfy  adequate  welding  conditions  (heat  input  13  KJ/inch). 

2.  Verify  and  test  the  welding  equipment  set-up. 

3.  Test  the  data  acquisition  machine  HP  3852A  and  PC  during  acmal 
welding. 

4.  Test  the  "Tempo-lac". 

5.  Verify  the  program  written  to  manage  taking  data 

6.  Test  the  operation  of  the  strain  gages  under  actual  welding 
conditions. 

7.  To  see  if  the  welding  arc  causes  electro-magnetic  interference 
(EMI)  that  disrupts  data  taking  or  operation  of  other  electronic 
equipment  in  the  area. 
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Results  -  Did  Not  Get  A  Good  Bead  On  Edge: 

The  arc  staned  only  after  the  "weld  on"  switch  was  toggled  and  the 
initial  piece  of  weld  wire  snapped  off.  The  initial  staning  "arc  blow  "  was 
excessive.  Shortly  after  the  arc  started  the  weld  wire  slid  off  the  edge  and 
welded  the  spatter  plate  to  the  base  metal  blowing  several  holes  in  the 
splash  plate.  The  splash  plate  severely  buckled  toward  the  welding  arc  and 
bent  above  the  original  weld  line  before  the  arc  reached  the  end  of  the 
plate.  The  shield  seemed  to  be  attracting  the  arc.  The  "Tempo-lac" 
worked  well.  The  strain  gages  seemed  to  function  properly  but  the  timing 
on  the  data  acquisition  program  was  not  correct.  No  attempt  was  made  to 
use  die  data  for  this  test. 


Conclusions: 

If  a  spatter  shield  is  utilized,  it  cannot  be  allowed  to  buckle  and 
interfere  with  welding  arc.  A  spatter  shield  cannot  make  metal  to  metal 
contact  during  welding  because  the  welding  arc  electrically  "sees"  no 
difference  between  the  spatter  plate  and  the  base  plate  on  edge.  The  spatter 
plate  needs  to  be  electrically  shielded  from  the  plate.  In  addition,  the 
spatter  plate  making  metal  to  metal  contact  will  also  act  as  a  fin  and  will 
dissipate  heat  after  welding,  and  this  will  disturb  the  temperature  data  taken 
from  the  plate  by  thermocouples. 

There  is  apparently  a  timing  mismatch  on  the  system  clocks  between 
the  HP  3852A  and  the  PC.  The  computer  system  clock  appears  to  be 
running  at  a  slower  speed  compared  to  the  HP  3852A.    This  resulted  in 
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timing  errors  generated  while  running  the  test,  however  it  did  not  affect 
the  data  being  read.  But  this  is  a  good  argument  for  getting  a  personal 
computer  that  has  a  faster  and  more  powerful  CPU.  The  AT&T  PC  6300 
uses  a  8086  CPU  running  at  4  MHZ,  while  the  HP  3852A  clock  runs  at  8 
MHZ.  A  PC  with  an  80286CPU  running  at  8  MHZ  or  more  should  solve 
this  problem  and  move  the  speed  with  which  data  can  be  gathered  to  almost 
exclusively  the  sampling  speed  of  the  HP  3852A  as  opposed  to  the  current 
set  up  where  this  limit  now  includes  how  fast  the  data  can  be  handled  by  the 
PC.  The  sampling  time  for  the  HP  3852A  Data  Acquisition  Machine  is 
about  one  to  two  seconds. 
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Experiment  #2:     Mild  Steel  5.5"  x  18"       Bead  on  Edge 

Set-up: 

The  set-up  for  this  experiment  was  the  same  as  the  first  experiment. 
The  size  of  the  test  pieces  was  lengthened  to  18  inches  which  will  be  the 
size  of  test  pieces  used  in  subsequent  experiments  to  obtain  valid 
temperature  and  strain  characteristics  from  the  welding  arc.  The  spatter 
plate  was  thickened  to  1/4  inch  steel  strip.  This  was  then  tack  welded  to  the 
staner  tabs  with  0.5  inch  clearance  for  mounting  on  the  base  plate.  The 
spatter  plate  was  painted  with  high  temperature  paint  to  insulate  it  from  the 
base  plate.  The  starter  tabs  were  wedged  against  the  ends  of  the  plate  using 
thin  strips  of  sheet  steel  hammered  in  and  ground  down  until  smooth  with 
the  weld  edge  surface.  The  starter  tabs  were  used  to  absorb  the  initial  "arc 
blow"  when  starting  and  "end  blow"  when  the  weld  bead  is  stopped.  Only 
"Tempo-lac"  was  used  to  look  at  the  temperature  distribution.  The  red 
high  temperature  RTV  compound  was  also  used  to  see  what  happens  to  it 
when  placed  in  a  high  temperature  situation. 


Purpose: 

The  purpose  of  this  experiment  was  to  solve  the  problems  previously 
encountered  in  the  first  experiment  specifically: 

1 .  Test  the  thicker  spatter  plate  insulated  from  the  specimen. 

2.  See  if  the  thicker  start  and  end  tabs  are  sufficient  to  allow  the  weld 
bead  to  stabilize  before  welding  on  the  plate. 
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3.   Ensure  proper  alignment  of  the  welding  machine  with  the  edsze  of 
the  plate. 


Results:   Excellent  Bead  on  Edge: 

The  weld  bead  stayed  on  the  edge  without  spillover.  Significant  start 
and  end  blow  did  occur,  but  the  starter  tabs  allowed  the  welding  arc  to  be 
stable  before  it  touched  the  base  plate.  The  arc  remained  stable  as  it 
traveled  along  the  edge  of  the  plate.  In  short,  the  welding  arc  and  weld 
pool  was  stable,  the  entire  length  of  the  plate.  The  weld  bead  took  about  47 
seconds  to  complete  and  the  heat  input  was  still  approximately  13  KJ/inch. 
The  amperage  fluctuates  while  welding  easily  plus  or  minus  10  amperes,  so 
the  average  amperage  was  utilized  to  calculate  the  heat  input.  The  high 
temperature  red  RTV  compound  burned  and  crumpled  and  seemed  to 
provide  no  better  insulation  qualities  than  regular  RTV  compound  so  the 
clear  RTV  compound  will  be  used  in  subsequent  experiments 


Conclusions: 

If  properly  aligned  so  that  the  weld  wire  comes  down  straight  and  in 
the  center  of  the  edge  of  the  plate,  then  it  should  yield  adequate  welding 
results  without  the  need  for  any  splash  or  spatter  guard.  Alignment  is  most 
important  for  attaining  good  bead  on  edge  results.  The  start  and  end  tabs 
are  very  necessary  to  have  a  stable  bead  on  edge  and  eliminate  "arc  blow" 
problems.  The  spatter  guard  also  interferes  with  the  "tempo-lac"  thermal 
lacquer  being  used  and  although  the  spatter  guard  is  insulated  from  the 
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base,  there  is  still  some  material,  paint,  and  high  temperature  RTV 
compound  touching  the  plate  close  to  the  weld  that  has  the  potential  to 
interfere  with  the  data  bein2  taken. 


129 


Experiment  ^3:     HV130      6"  \  12"      Bead  on  Edge 

Set-up: 

This  was  the  first  piece  ot  high  strength  steel  to  be  welded.  Three 
longitudinal  (one  dimensional)  Yll  strain  gages  and  two  K-type 
thermocouples  were  mounted  along  with  a  single  dial  gage  at  the  bottom 
edge  of  the  plate.  "Tempo-lac"  was  also  painted  on  the  plate.  The  welding 
conditions  and  settings  were  changed  to  the  following: 

Carriage  Control: 

1.  Auto/man  manual 

2.  Weld  speed  .575  (.3  in/sec  calibrated) 

3.  Wire  feed  speed  375ipm 

Slowing  the  weld  travel  speed  was  done  to  increase  the  weld  heat  input 
since: 

Heat  Input  (M)  =  >ltage  (Vy  Arc  Current  (A)j 
^  1^  '     Weld  Travel  Speed  |-in_j  x  1000 

The  strain  gages  were  connected  to  strain  gage  channels  0,  1,  and  2 
respectively  and  the  thermocouples  were  connected  to  temperature  channels 
0,  1  of  the  HP  3852A.   "Tempo-lac"  was  also  painted  on. 
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Purpose: 

The  purpose  of  this  experiment: 

1 .  Test  how  the  HY130  welded  with  the  welding  conditions,  settings, 
and  weld  wire  mismatch. 

2.  Verify  correct  functioning  of  the  corrected  data  acquisition 
program  set  up  to  run  for  an  eight  hour  period. 

3.  Test  the  dial  gage  during  welding. 

4.  Test  the  new  welding  conditions  with  higher  heat  input  (20  KJ/in). 

5.  Verify  bead  on  edge  without  any  spatter  plate  but  tack  weld  stan 
and  end  tabs  that  are  about  1  inch  square  and  0.5  inch  thick. to  the 
ends  of  the  test  plate  where  the  welding  arc  starts  and  ends. 

6.  To  check  the  distortion  readings  on  the  dial  gage  after  welding. 

7.  To  see  if  any  problem  arises  from  the  weld  wire  mismatch  E70S 
wire  while  welding  on  HY130. 


Results:  Excellent  Bead  on  Edge  Results 

The  Bead  on  Edge  resulted  without  spillover,  the  start  and  end  tabs 
again  absorbed  the  beginning  and  ending  "arc  blow".  The  "tempo-lac"  was 
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not   interfered   with  and  the  distances  they  melted  on  the  plate  were 
measured. 

Temperature  lacquer  ("Tempo-lac")  melted  band  measurements: 


1400'  F 

(760'  C) 

1/8  in 

(.13") 

1200'  F 

(649'  C) 

3/16  in 

(.19") 

1000'  F 

(538'  C) 

1/4  in 

(.25") 

800°  F 

(427'  C) 

3/8  in 

(.38") 

600'  F 

(316'  C) 

1/2  in 

(.5") 

400'  F 

(204'  C) 

1  in 

(1.0") 

200'  F 

(93'  C) 

2  13/16  in 

(2.81") 

The  Heat  Affected  Zone  ( HAZ)  was  quite  visible,  bands  of  discoloration  on 
the  shining  base  metal  that  extended  roughly  one  half  inch  from  the  weld. 
The  program  worked  gathering  strain  and  temperature  data  over  an  eight 
hour  period  without  problems.  The  distortion  dial  gage  worked  but  only  a 
small  amount  of  distortion  was  detected.  Actual  heat  input  was  18.17 
KJ/in,  25  V  and  .3  in/sec  travel  speed  set  with  an  average  of  about  218  amps 
read  during  welding. 


Conclusion: 

This  was  the  first  experiment  where  everything  worked  according  to 
plan.  The  small  distonion  readings  were  in  part  due  to  the  smaller  size  of 
this  test  piece  (only  12"  long)  compared  with  the  established  minimum  size 
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as   18  inches  long.     For  subsequent  experiments  in  attaining  strain  and 
temperature  data  no  more  changes  were  anticipated. 
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Series  of  Bead  on  Edge: 

Experiments   #4  Mild  Steel  5.5"  x  18" 

Experiments  ^5  HYIOO  5.5"  x  18" 

Experiments  #6  HY130  5.5"  x  18" 

Set-up: 

The  set  up  was  the  same  as  experiment  #3,  except: 

4  XYl  1   strain  gages  mounted  1",  2",  3",  and  4" 

4  K  type  thermocouples  mounted        .5",  1.5",  2.5",  and  3.5" 
3  dial  ages  at  the  bottom  4.5",  9",  and  13.75" 

Tempo  Lacquer  painted  on 

Welding  conditions  all  set  for  approximately  20  KJ/in  heat  input  on  all 
three  pieces. 


Purpose: 

These  experiments  were  die  first  full  series  of  test  conducted  to  gather 
temperature  and  strain  data  over  an  eight  hour  period.  These  test  were  to 
conclude  the  first  phase  of  this  project  which  was  to  establish  temperature 
and  strain  profiles  for  comparison  with  predicted  results,  and  then  to 
subsequently  cut  the  specimens  to  obtain  the  residual  stresses  to  establish  a 
baseline. 
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Results:   Excellent  Bead  on  Edge 

The  tests  ran  smoothly  and  the  data  was  plotted.  The  temperature  and 
the  distortion  data  appeared  smooth  on  all  three  pieces.  The  strain  data 
fluctuated  initially,  and  then  appears  to  smooth  out  after  the  welding  arc 
reaches  the  middle  of  the  plate  where  the  strain  gages  are  mounted.  In 
both  longitudinal  and  transverse  (x  and  y)  directions,  the  strain  data 
fluctuates  a  small  amount  for  approximately  30  seconds.  It  takes  60 
seconds  for  each  bead  on  edge  test  piece  to  be  completed.  The  distonion 
data  for  experiment  6  was  considered  not  accurate  since  some  of  the 
"tempo-lac"  melted  onto  the  tip  of  the  dial  gage  in  the  center  and  may  have 
fouled  the  distortion  reading.  Therefore,  experiment  #7  was  conducted  to 
re-examine  the  distortion  of  a  piece  of  HY130. 
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Experiment  #7:     HV130        5.5"  \  12"      Bead  on  Edge 

Set-up: 

Same  as  expenment  #3,  except  the  dial  ages  were  positioned  at  the 
bottom  and  "tempo-lac"  painted  on. 


Purpose: 

With  just  the  dial  gages  fitted,  this  test  was  to  verify  the  distonion 
readings  obtained  in  experiment  #3. 


Results: 

The  distonion  readings  were  similar  to  those  experiment  #3.  The 
readings  were  smaller  than  expected  with  about  the  same  heat  input,  19.16 
KJ/in. 


Conclusions: 

The  distortion  readings  were  not  accurate  enough  for  comparison  with 
the  normal  test  piece  length.  The  top  of  the  plate  did  not  go  into  tension 
and  give  good  negative  readings  on  the  dial  gage  as  expected.  The  plate  is 
too  short  to  get  good  distortion  readings.  A  full  18"  long  plate  must  be 
used  for  comparing  distortion  and  strain.  Therefore,  another  piece  of 
HY130  was  prepared  to  complete  the  data  for  phase  I. 
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Experiment  #8:    HY130       5.5"  x  18"      Bead  on  Edge 

Set-up: 

Same  as  experiment  #7  -  3  dial  gages  fitted. 


Puqjose: 

To  verify  the  distortion  data  in  experiment  #6  and  to  read  the 
distortion  data  during  welding.  The  distortion  during  welding  was  not 
recorded  in  the  previous  full  test  series  (experiments  #4,  #5,  and  #6) 


Results: 

Good  results  were  achieved.  The  final  distortion  for  HYI30  is  less 
than  HYIOO  or  Mild  Steel.  The  distortion  data  collected  appeared  smooth. 
The  data  was  collected  and  used  for  plotting  HY130  distortion. 


Conclusions: 

At  this  juncture,  it  is  apparent  that  the  higher  the  strength,  the  less  the 
steel  distorts  from  the  effects  of  welding. 
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Experiment  ^9:     HYIOO        5.5''  x  18"      Bead  on  Edge 

Set-up: 

Same  as  experiment  #8  -  3  dial  gages  fitted. 


Purpose: 

To  read  distonion  data  during  welding  and  verify  distortion  readings 
in  experiment  #5. 


Results: 

Good  smooth  readings  collected  for  plotting.    Heat  input  19.16  KJ/in, 
25A,  230A,  .3  in/sec  weld  travel  speed. 
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Experiment  #10:     Mild  Steel        5S'  x  18"      Bead  on  Edge 

Set-up: 

Same  as  expenment  #8  and  #9. 


Purpose: 

To  verify  distortion  results  in  experiment  #4  and  to  include  distortion 
reading  dunng  welding  on  the  Mild  Steel. 


Results: 

The  distortion  readings  were  not  good.  The  dial  gages  were  set 
initially  lower  than  in  previous  tests  and  a  problem  with  the  welding 
equipment  developed.  The  weld  bead  was  not  smooth  and  stable.  The  weld 
bead  vaned  significantly  in  width  when  examined  closely. 
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Experiment  #11:     Mild  Steel      5.5"  x  18"     Bead  on  Edge 

Set-up: 

Repeat  of  experiment  #10. 


Purpose: 

To  repeat  experiment  #10  and  get  distortion  readings  during  welding 
and  verify  distortion  readings  in  experiment  #4. 


Results: 

The  first  three  attempts  at  welding  burned  up  the  welding  tips  on  the 
machine.  After  careful  trouble  shooting  and  checking  the  entire  set-up,  it 
was  determined  that  the  ground  reference  for  the  wire  feed  had  broken 
loose.  After  replacing  the  alligator  clip  and  re-attaching  the  ground 
reference  wire,  the  equipment  worked  fine. 

The  distortion  readings  on  the  Mild  Steel  appear  smooth  and  were 
collected  for  plotting.  Heat  input  was  19.16  KJ/in,  25V,  230A,  .3  in/sec 
weld  travel  speed. 
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Experiment  #12:     Mild  Steel      5.5"  x  18"      Bead  on  Edge  with 

Side  Heat 

Set-up: 

The  weld  machine  was  ngged  with  a  holder  for  an  oxy-acetylene  torch 
for  use  as  a  side  heater  on  the  base  plate  test  piece.  The  fabricated  piece  is 
adjustable  for  positioning  of  the  flame.  The  welding  set-up  is  the  same  as 
experiments  #4  -  #11.  The  side  heat  travel  speed  is  .3  in/sec  the  same  as 
the  weld  speed.  The  tlame  is  positioned  4"  from  the  weld  laterally  and  2 
1/4"  ahead  of  the  arc  longitudinally.  The  torch  used  is  a  balanced  type  that 
will  bum  any  combination  of  acetylene  and  oxygen  with  acetylene  from  2 
to  80  percent  by  volume.  The  cylinders  were  set  with  2  psi  of  acetylene 
and  7  psi  of  oxygen,  on  the  pressure  gages. 


Purpose: 

To  test  the  side  heading  with  the  current  welding  set-up.  Prehminary 
discussion  concluded  that  side  heating  roughly  matched  longitudinally  to 
the  arc  and  displaced  4"  from  the  weld  should  counter  the  effects  of  the 
heat  from  the  welding  arc.  The  point  where  the  roughly  200'  C  reaches  in 
the  base  plate  using  the  "tempo-lac"  is  about  an  1"  (see  experiment  #3). 
Four  inches  laterally  from  the  weld  was  selected  since  the  flame  represents 
a  poor  point  source  and  is  more  representative  of  an  area  heating  source 
when  compared  to  the  welding  arc.  The  part  of  the  flame  touching  the 
plate  involves  about  1"  diameter  circle  when  the  flame  is  held  1"  away 
from  the  plate.    Application  of  side  heating  without  the  welding  arc  does 
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cause  the  dial  gage  to  initially  read  positive  (meaning  the  bottom  of  the 
plate  is  in  tension)  and  this  is  opposite  to  the  normal  negative  (compressive) 
reading  achieved  when  welding.  Side  heating  does  appear  to  reduce 
distortion  significantly  when  positioned  longitudinally  about  the  same  or 
slightly  ahead  of  the  welding  arc.  The  2  1/4"  ahead  equates  to  7  seconds 
ahead  of  the  arc  in  real  time. 


Results: 

Using  the  "tempo-lac"  indicated  that  slightly  less  than  200'  C  was 
achieved  on  the  plate  opposite  the  flame,  while  the  surface  facing  the  flame 
rose  to  about  600'  C  where  the  flame  touched.  Although  this  may  seem 
excessive  this  arrangement  seemed  best  to  get  a  rough  200°  C  around  the 
point  desired  throughout  the  base  plate.  Adjusting  the  flame  to  get  a  2(X)' 
C  heat  throughout  the  plate  proved  to  be  a  difficult  task.  After  several 
practice  runs  on  a  pieces  of  scrap  steel,  the  flame  that  seemed  to  work  best 
was  a  flame  1"  away  from  the  plate  with  a  1/2"  cone  and  a  2"  feather.  The 
size  of  the  flame  outer  envelope  was  ignored.  This  result  appears  to  be 
excellent  with  the  distortion  being  reduced  significantly. 


Conclusion: 

The  side  heating  does  produce  a  dramatic  reduction  is  distortion 
during  welding.  The  final  distortion  appears  to  be  reduced  approximately 
fifty  percent.     This  was,  in  part,  a  desired  goal  of  this  experimental 
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investigation.    The  residual  stress  discussed  later  is  also  expected  to  be 
reduced  substantially  as  well. 


Series  of  Bead  on  Edge  with  Side  Heat: 
Experiment   #13  Mild  Steel 

#14  HYIOO 

#15  HY  1130 


5.5"  X  18" 
5S'  X  18" 
5.5"  X  18" 


Set-up: 

This  series  of  experiments  was  designed  to  utilize  the  side  heating 
technique  during  welding  to  reduce  distortion.  The  equipment  set-up  was 
the  same  as  in  previous  experiments: 


Wire 

E70S 

Wire  Diameter 

.045  in 

Transfer  Type 

Spray  DCRP 

Gas  Row  Rate            20  CFH 

of  Argon  98%/2%  oxygen 

Millermatic  Settings: 

1.  Pre-flow  time 

1  sec 

2.  Run-in 

20  sec 

3.  Spot  time 

3  sec 

4.  Spot/continuous 

continuous 

5.  Time  range 

high  (2.5  -  5  sec) 

6.  Bumback  time 

.05  sec 

7.  Postflow  time 

2  sec 

DC  Volts 

25  Volts 

Wire  Feed  Speed 

375  ipm 

Carriage  Control 

1.  Auto/man 

Manual 

2.  Weld  Speed 

.575  (.3  in/sec) 
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Power  Supply  25V/230A 

(amperage  is  average  read  during  welding) 
Heat  Input  19.16  KJ/in 

Side  Heat: 

1 .  Acetylene  (C2H2)  3  psi 

2.  Oxygen  (O2)  8  psi 

3.  Flame  Adjustment  1/2"  cone,  2"  feather 

position  1"  from  plate 

4.  Torch  position  longiuidinal         matched  to  arc 

5.  Torch  position  transverse  4"  from  arc 

Three  dial  gages  were  fitted  at  the  bottom  of  the  test  specimens  to  record 
the  distortion.  "Tempo-lac"  was  also  painted  on  to  keep  rough  checks  on 
the  accumulated  temperature  distribution.  The  side  heating  torch  was 
adjusted  to  match  the  arc  longitudinally  and  displaced  4"  transverse  from 

the  weld. 


Purpose: 

The  purpose  of  this  series  was  to  test  the  side  heating  technique  using 
an  oxy-acetylene  torch  matched  horizontally  with  die  weld  arc  for  all  three 
steels;  Mild,  HYIOO,  and  HY130. 
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Results: 

Distortion  readings  appear  smooth  with  a  reduction  in  distortion  both 
during  welding  and  final  distonion  readings  on  the  order  of  50  percent 
except  for  the  HY130  piece.  The  distortion  reduction  on  HY130  was  less 
than  expected. 


Conclusion: 

The  HY130  piece  has  a  thick  blue  coating  which  must  be  providing 
insulation  where  the  side  heating  is  being  applied.  Hereafter,  the  thick  blue 
coating  must  be  removed  completely  where  the  secondary  heat  source  is 
applied.  The  area  where  the  side  heating  was  not  cleaned  as  thoroughly  as 
the  area  being  welded.  The  thick  coating  is  on  the  HY130  material  only. 
In  an  effort  to  ensure  the  most  accurate  results  all  test  pieces  will  be 
thoroughly  cleaned  in  the  area  where  the  side  heat  is  used  as  well  as  the 
edge  where  the  welding  arc  is  applied. 
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Experiment  #16:     HY130      5.5"  \  18"      Bead  on  Edge  with 

Side  Heat 

Set-up: 

Same  as  experiment  #15,  this  time  the  blue  coating  completely 
removed  from  back  of  plate  where  side  heating  is  applied.  "Tempo-lac" 
painted  on  front  and  back. 


Purpose: 

Distonion  readings  with  the  coating  removed  is  now  on  the  order  of  a 
50  percent  reduction  as  expected. 


Conclusions: 

Previously  meticulous  cleaning  was  done  only  in  the  area  being 
welded.  It  is  now  apparent  that  if  a  secondary  heat  source  is  introduced,  it 
too,  requires  the  surface  area  to  be  clean. 
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Experiment   #17:  Mild  Steel       5S'  x  18"     Side  Heat  Only 
#18    HYIOO  5S'  X  18" 

#19    HY130  5S'  X  18" 

Set-up: 

Just  side  heat  was  set-up  in  this  series  of  experiments  to  isolate  the 
effect  of  the  side  heat  without  the  welding  arc.  Side  heat  was  set  as 
follows: 

Acetylene  (C2H2)  3  psi 

Oxygen  (O2)  8  psi 

Torch  Speed  .3  in/sec 

Flame  Adjustment  1/2"  cone,  2"  feather 

positioned  1"  from  the  plate 

4"  vertically  down  from  the  weld 

as  before  (experiment  #12) 

Three  dial  gages  were  fitted  at  the  bottom  and  "tempo-lac"  used  to  monitor 

temperature. 


Purpose: 

The  purpose  of  this  series  is  to  isolate  the  effects  of  the  side  heat  on 
the  plate  without  the  welding  arc.  To  study  the  metal  movement  and 
distortion  on  all  three  types  of  steel. 
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Results: 

The  distortion  readings  are  smooth  and  were  plotted.  The  dial  sase 
readings  do  move  opposite  to  the  readings  during  welding  and  reinforce 
the  idea  that  side  heat  counters  the  thermal  effect  from  the  welding  arc. 
The  final  distortion  reading  using  just  side  heat  varied  between  ±  .0002 
inches  some  time  after  the  metal  cooled. 


Conclusions: 

Side  heating  as  positioned  in  this  series  of  experiments  does  cause 
metal  movement  and  distortion  opposite  to  welding.  If  the  side  heating  is 
set  so  it  does  not  cause  a  Heat  Affected  Zone  (HAZ)  to  develop,  then  the 
material  should  recover  elasticity  from  the  thermal  expansion.  Thus  the 
final  distortion  is  negligible  with  the  current  side  heating  set-up  and 
affirms  the  assumption  that  raising  the  temperature  of  the  plate  to 
approximately  200°  C  has  negligible  effects  on  distortion  after  cooling. 
These  plates  were  deemed  fit  for  use  as  follow  on  test  welding  specimens. 
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Series  of  Bead  on  Edge  with  Side  Heat      9"  Ahead: 
Experiments     #20:  Mild  Steel 

#21     HYIOO 

#22    HY130 

Set-up: 

This  series  of  tests  was  conducted  with  the  welding  torch  positioned 
longitudinally  9  inches  ahead  of  the  welding  arc  (30  seconds  in  time).  The 
welding  set-up  is  the  same  as  experiments  #13,  #14,  and  #16.  These  pieces 
are  the  same  as  #17,  #18,  and  #19  (where  side  heat  only  was  tested).  Three 
dial  gages  and  "tempo-lac"  used  as  before. 


Results: 

The  results  were  smooth  and  plotted.  The  plate  initially  yielded 
positive  readings  as  expected  from  the  side  heat.  When  the  welding  arc's 
thermal  effects  took  over  the  gage  readings  went  negative  and  eventually 
back  to  positive  as  expected.  The  distortion  during  welding  is  sHghtly  less 
than  the  experiments  without  side  heating  at  all  (#8,  #9,  and  #11).  The 
final  distortion  is  less  than  the  experiments  with  the  side  heat  very  close  to, 
or  matching  the  welding  arc  longitudinally  (12  -  15). 


Conclusions: 

When  the  torch  for  side  heat  is  positioned  ahead  of  the  arc,  the  metal 
movement  from  the  side  heat  pre-positions  before  the  arc  arrives  but  does 
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not  directly  counter  the  thermal  effect  of  the  arc.  In  this  situation,  the 
metal  movement  expansion  from  the  side  heat  is  just  about  finished  when 
the  arc  arrives  and  its  thermal  effect  overpowers  the  side  heating  effects. 
Therefore,  placing  the  side  heat  well  ahead  of  the  arc  does  reduce 
distortion  but  does  not  give  the  best  results.  This  does  however,  slow  the 
rate  of  distortion  during  welding  significantly.  As  expected,  the  final 
distortion  readings  were  lowest  with  HY130. 
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Series  of  Bead  on  Edge  with  Side  Heat    9"  Behind: 
Experiments    #23     Mild   Steel 

#24    HVlOO 

#25    HY130 

Set-up: 

Side  heat  was  set-up  following  the  arc  by  9  inches  (30  seconds  behind). 
The  welding  set-up  is  the  same  as  experiments  #13,  #14,  and  #16.  Three 
dial  gages  and  "tempo-lac"  used  as  before. 


Results: 

This  was  interesting.  The  distortion  readings  went  negative  as 
expected  from  the  thermal  effects  of  the  arc  as  expected  and  then  began  to 
go  in  the  positive  direction  before  the  side  heat  arrived.  The  side  heat 
provides  an  initial  positive  reading  so  this  undoubtedly  accelerated  the 
distonion  in  the  positive  direction.  The  side  heat  did  not  appear  to  make 
the  final  distortion  worse  than  without  side  heat,  but  did  not  help  either. 
Side  heat  30  seconds  behind  had  little  effect  on  the  fmal  distortion. 


Conclusion: 

Applying  side  heating  after  the  arc  does  not  improve  the  distortion  and 
has  the  potential  to  cause  the  distortion  to  be  worse  than  not  using  it  at  all. 
This  is  the  classic  closing  the  gate  after  the  horse  has  already  escaped. 
Applying  side  heating  after  the  weld  arc  has  passed  yields  undesirable 
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results.  Optimal  placement  of  side  heating  is  to  either  match  the  side  heat 
longitudinally  with  the  arc  or  slightly  ahead.  Very  little  difference  was 
noted  when  wide  heat  was  2  1/4"  (7  seconds)  ahead  and  longitudinally 
matched  in  final  distortion  (experiments  12  and  13-16). 
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Bead  on  Edge  with  Side  Heating  Longitudinally  Matched  to  Arc: 
Experiment       #26     HY130  5.5''  x  18" 

#27    HYIOO  5.5"  x  18" 

#28    Mild  Steel      5.5"  x  18" 

Set-up: 

Final  series  to  determine  residual  stresses  while  using  side  heating, 
Experimental  set-up: 


Type  of  Wire 

E70S 

Wire  Diameter 

.045   in 

Transfer  t>pe 

Spray 

Gas  tlow  Rate 

20  CFH  98% 

Argon/2%  Oxygen 

Millermatic  CS-4        ( 

GMA 

automatic  welding  machine) 

1.  Pre-flow  time 

1  sec 

.    2.  Run-in 

2  sec 

3.  Spot  Time 

3  sec 

4.  Spot/Continuous 

Continuous 

5.  Time  Range 

high  (2.5  -  5  sec) 

6.  Bum  Back  Time 

.05  sec 

7. Post-flow  Time 

2  sec 

DC  volts 

25  volts 

Wire  Feed  Speed 

375  ipm 

Carriage  Control: 

1.  Auto/Man 

Manual 

2.  Weld  Speed 

.575  (.3  in/sec  calibrated) 

154 


Power  Supply:  25\7230A 

(Amperage  is  average  reading  during  welding) 
Arc  Heat  Input  19.16KJ/in 

Side  Heating: 

1.  Acetylene  iC;H2)  3  psi 

2.  Oxygen  (0:)  g  psi 

3.  Flame  Position  Longimde  match  to  arc 

4.  Flame  Position  V'ertical         4"  transverse  from  arc 

5.  Flame  Adjustment  Torch  I"  away  from  plate 

1/2"'  cone,  2"  feather 
Side  Heating: 

6.  Torch  Travel  Speed  .3  in/sec  (same  as  arc) 

These  test  pieces  have  the  following  equipment  attached  to  the  plate: 

4  K  type  Thermocouples       .5,  1.5,  2.5,  3.5  in  vertically 

4  XYl  1  Strain  Gages  1,  2,  3,  4  in  venically 

3  Dial  Gages  4.25,  9,  13.5  in  from  left 

4.5,  9,  13.75  from  the  nght 

The  thermocouples  and  strain  gages  are  attached  using  single  conductor 
shielded  cables  attached  to  the  HP  3852A.  The  thermocouples  are 
connected  to  temperature  channels  0,  1,2,  and  3  on  the  thermocouple 
module  in  the  HP3852A.  The  strain  gages  are  attached  to  channels  0  -  7  on 
the  strain  gage  module.  The  even  channels  are  longitudinal  strain,  the  odd 
channels  transverse  strain.  Three  dial  gages  are  fitted  at  the  bottom  of  the 
plate.  "Tempo-lac"  is  also  painted  on. 


1.55 


Purpo<:e: 

This  series  of  experiments  is  the  last  set  of  experiments  conducted 
after  determining  the  optimum  side  heat  positioning.  The  prime  reason  for 
this  series  is  to  get  the  residual  stress  with  the  side  heat  applied.  An 
accompanying  temperature  profile  and  distortion  distribution  for  final 
analysis  and  plotting  was  desired. 


Results: 

The  results  were  excellent.  A  good  weld  bead  occurred. 
Temperature,  strain  and  distortion  data  appeared  smooth  for  plotting  after 
eight  hours.  Initial  strain  readings  were  taken  after  welding,  and  the  plates 
cooled.  The  plates  were  cut  and  final  strain  readings  compared  to  ascertain 
the  residual  stress  in  all  three  specimens.  The  stress  relaxation  cutting  was 
accomplished  very  slowly  with  metal  saws.  The  plates  were  cooled  while 
cutting  to  keep  from  developing  a  HAZ. 


Conclusions: 

Previous  experiments  with  side  heating  have  confirmed  that  optimal 
positioning  of  the  side  heat  during  welding  eitJier  longitudinally  matched  or 
slightly  ahead  of  th  arc.  If  it  more  desirable  to  control  or  slow  the  rate  of 
distonion,  the  slightly  ahead  position  seems  to  be  best.  To  get  the  best 
results  on  final  distortion,  the  optimum  placement  is  to  longitudinally 
match  the  torch  with  the  arc  during  welding.  The  torch  should  also  have 
the  same  travel  speed,  so  it  stays  longitudinally  matched.  This  is  ideal  for 
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automatic  welding  processes,  but  it  can  also  be  done  manually  with  a  rough 
match  between  the  weld  arc  and  side  heat  torch. 

There  is  little  doubt  that  the  distortion  in  all  cases  is  reduced  by 
roughly  one  half.  This  reduction  is  most  significant  in  that  it  is 
accomplished  during  welding.  Since  the  distortion  during  welding  is  also 
directly  related  to  residual  stresses  in  the  material  due  to  welding,  these 
also  have  to  be  significantly  reduced.  After  plotting,  it  was  found  that  1 
inch  from  the  weld,  the  most  important  value  from  this  study,  the  residual 
stress  was  reduced  longitudinally  34%  for  mild  steel,  33%  for  HYIOO, 
23%  for  HY130,  and  transverse  residual  stresses  was  reduced  by  22%  for 
mild  steel,  33%  for  HYIOO,  and  23%  for  HY130. 
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Appendix  2 
Tabulated  Data  Tables 


This  set  of  tables  contains  the  temperature  data  read  during  phase  1 
which  involves  experiments  #4.  5.  and  6  at  0.5",  1.5",  2.5",  and  3.5"  from 
the  weld  line: 

Data  Table      Title  Readings 

Mild  Steel  experiment  #4 

HYIOO  experiment  #5 

HY130  experiment  #6 

Maximum  temperature 
recorded  on  mild  steel 
HYIOO  and  HY 130 


1 

Temp  MS  #4 

2 

Temp  HYIOO  i^5 

3 

Temp  HY  130  #6 

4 

Max  Temp  Data 
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0 

31  .74 

31.94 

31.96 

32.00 

2 

5 

31.74 

31.94 

31  .98 

32.00 

3 

'0 

3'    35 

31    94 

31.92 

32.03 

4 

20 

-*    '  5 

31.95 

31    90 

32.02 

5 

22 

:CC.43 

32.02 

31.88 

31.96 

6 

24 

'44  52 

32.47 

31.86 

31.91 

7 

26 

'36  52 

34.44 

31   87 

31.97 

8 

23 

223.27 

38.81 

31.86 

31  .87 

9 

30 

247.01 

45.24 

31.81 

31.87 

10 

32 

255  08 

53.67 

31.77 

31.89 

1  1 

34 

277  75 

53.06 

31.79 

31.88 

12 

36 

287  38 

72.32 

31.74 

31.84 

13 

38 

293.98 

80.76 

31.73 

31.84 

1  4 

40 

298  50 

89.21 

31.75 

31.84 

15 

42 

301   42 

97.51 

31.72 

31.82 

16 

44 

302.80 

105.13 

31.92 

31.80 

17 

46 

302.76 

111.97 

32.14 

31.75 

18 

48 

301  .48 

119.01 

32.60 

31.78 

19 

50 

299.58 

124.10 

33.12 

31.75 

20 

52 

296  81 

128.73 

33.88 

31.66 

21 

54 

293  55 

133.07 

34.85 

31.80 

22 

56 

289.77 

136.95 

36.03 

31.85 

23 

58 

286.13 

140.61 

37.31 

31.89 

24 

61 

279  82 

145.78 

39.70 

32.19 

25 

70 

262.10 

154  53 

47  84 

33.58 

25 

80 

245.30 

158.67 

56.52 

36.05 

27 

91 

229  36 

159.89 

65  82 

39.83 

28 

100 

217  60 

159.11 

72  '0 

43.60 

29 

109 

208.1  1 

157.56 

78  C5 

47.21 

30 

1  19 

198  70 

155.32 

82  95 

51.12 

31 

132 

186  55 

151.33 

88  50 

56.64 

32 

.14  2 

179.47 

148.57 

91.20 

59.99 

33 

152 

173.20 

145.80 

93.33 

53.01 

34 

152 

167.52 

143.04 

94.93 

65.76 

35 

172 

162.28 

140  32 

96.19 

58.30 

36 

182 

157  55 

137.72 

97.1  1 

70.54 

37 

•92 

153  19 

135  23 

97.79 

72.58 

38 

206 

147.38 

131   67 

98  45 

75.31 

39 

216 

143.87 

129.44 

98.59 

76.90 

40 

226 

140.58 

127.33 

98.85 

78.35 

41 

236 

137.50 

125.39 

98  92 

79.69 

42 

246 

134  68 

123.48 

98.93 

80.88 

43 

271 

128.13 

119.00 

98.63 

83.42 

44 

291 

123.70 

115.81 

98  26 

85.04 

45 

31  1 

119.76 

113.00 

97.80 

86.33 

46 

331 

116.25 

1  10.41 

97.24 

87.32 

47 

351 

113.13 

108.04 

96.65 

88.11 

48 

371 

110.33 

106.02 

96.05 

88.70 

49 

391 

107.81 

104.08 

95.45 

89.11 

50 

41  1 

105.54 

102.38 

94.81 

89.39 

51 

431 

103.52 

100.77 

94.24 

89.58 

52 

471 

95.63 

94.37 

91.08 

88.99 

53 

531 

92.20 

91.54 

89.29 

88.10 

54 

591 

89.29 

89.95 

87.45 

86.79 
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Sun,  Jjn   4.    ',583 


55 

728 

82.06 

82.38 

81.76 

81  82 

55 

926 

76.70 

77  12 

76.68 

76  84 

57 

',  123 

72  19 

72.61 

72.20 

72.25 

58 

^513 

52  60 

62.87 

62.50 

62.47 

59 

2396 

51  81 

52.04 

51.82 

51.75 

60 

3534 

42.73 

43.00 

42.89 

42.88 
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12 
13 


18 

19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 


30 
32 

34 


49 

50 
51 
52 


51 
52 
53 

55 
57 
59 
81 
63 
56 


1  04 

1  1  1 

.121 

126 

136 

145 

160 

175 

^90 

209 

229 

254 

294 

314 

374 

434 

514 

614 

754 

1001 

1443 

2031 

3497 

5096 


Temo  HY1C0  «5 

Sun 

,  Jun  4,    1539 

At  3.5  in. 

At   1.5  in. 

At  2.5  in. 

At  3.5  :n. 

29.61 

29.54 

29.51 

29  55 

29.71 

29.59 

29.50 

29.55 

29.47 

29.49 

29.40 

29,54 

29.53 

29.39 

29.26 

29.34 

30.1  1 

29.36 

29.25 

29,31 

34.65 

29.35 

29.17 

29,27 

99.69 

29  32 

29.16 

29  25 

191.08 

29.30 

29.23 

29.22 

254.46 

29.42 

29.33 

29.20 

291   68 

29.84 

29.60 

29.20 

314.69 

31.25 

30.04 

29.19 

325  99 

34.19 

30.74 

29.26 

332.25 

38.10 

31.56 

29,29 

337  02 

43.31 

32.56 

29,40 

339  26 

49.45 

33.83 

29.51 

339  68 

56.81 

35.35 

29,76 

339  48 

63.81 

36.98 

30.08 

339  04 

70.80 

38.74 

30.40 

337  89 

75.84 

40.36 

30.74 

336  47 

82.96 

42.07 

31.18 

334  57 

89.49 

44.17 

31,74 

332.49 

95.18 

46.02 

32,27 

328  30 

103.45 

49.21 

33.29 

318  85 

1  16.38 

55.63 

35.72 

306.77 

130.16 

63.43 

39,30 

293.74 

140.57 

70.60 

43.21 

285.74 

145.23 

74.60 

45  65 

277.72 

148.74 

78  38 

48.19 

258.12 

152.02 

82,75 

51.34 

258  34 

154.47 

86.94 

54.69 

245  53 

155.34 

92.05 

59.24 

239  91 

156.81 

94.18 

61,34 

229.35 

155.94 

97.83 

65.17 

219.89 

156.26 

100.70 

68,62 

207,53 

153,83 

103.93 

73.01 

196.87 

151,27 

106.05 

76.66 

187.55 

148.41 

107.41 

79.58 

175.79 

144.37 

108.28 

82.63 

167.59 

140.33 

108.40 

84,90 

157.71 

135.30 

107.90 

86,96 

144  86 

127  89 

106.28 

89,02 

139.44 

124.49 

105.28 

89,63 

126.11 

115.64 

102.04 

90,42 

116.11 

108.51 

98.87 

90,29 

106,12 

101   08 

95.11 

89,34 

97  33 

94.12 

90.94 

87,43 

88.80 

87.00 

85.93 

84.15 

78.89 

78.01 

78.44 

77.85 

67.59 

67.03 

67.80 

67.75 

57.31 

56.89 

57.50 

57.53 

44.00 

43.80 

44.00 

44.20 

35.73 

35.60 

35.71 

35.82 
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■  :<e:  ^' 

a:;r  Ca;a 

Tenp  HY'30  »6 

T  —a    :;5 

At  0,5  in. 

At   1.5  in. 

At  2.5  in. 

1 

0 

31.62 

31.64 

31.43 

2 

10 

31.57 

31    60 

31.44 

3 

19 

31   52 

31    52 

31   27 

4 

27 

59.58 

31.43 

31   06 

5 

29 

137  48 

31.34 

30  95 

6 

31 

135.18 

31.62 

31.08 

7 

33 

223  57 

32.00 

31.01 

3 

35 

255.70 

33.36 

30.94 

9 

36 

285  83 

36.02 

30.87 

10 

38 

300.00 

39.98 

30.81 

1  1 

40 

308  29 

45.33 

^"0.90 

12 

42 

312.49 

51.08 

30.74 

13 

44 

314  52 

57.36 

30.72 

14 

46 

314.77 

63.63 

30.62 

15 

48 

314.50 

69.75 

30.59 

16 

50 

313  86 

76.00 

30.69 

17 

52 

312.87 

82.16 

30.69 

18 

58 

308.05 

99.53 

31.17 

19 

61 

303  77 

108.90 

31.90 

20 

66 

298.72 

118.25 

33.35 

21 

75 

287  55 

131.79 

37.91 

22 

80 

278  80 

138.18. 

41.69 

23 

86 

269.59 

144.31 

45.91 

24 

94 

258  53 

149  35 

51.37 

25 

101 

248  29 

152.83 

56.63 

26 

1  13 

234.10 

155.47 

64  13 

27 

123 

223.70 

156.07 

69  59 

28 

133 

214.41 

155.72 

74  27 

29 

148 

202.20 

154.04 

80  05 

30 

163 

191.70 

151.56 

84  50 

31 

•178 

182.57 

148.65 

87.85 

32 

197 

172  24 

144.54 

90.95 

33 

217 

163.51 

140.37 

92.89 

34 

237 

155.91 

136.29 

94.05 

35 

277 

144.68 

129.48 

94.82 

36 

317 

134.24 

122.67 

94.52 

37 

377 

122.06 

1  13.98 

92.99 

38 

437 

112.66 

106.94 

91.01 

39 

517 

103.19 

99.64 

88.29 

40 

617 

94.62 

92.71 

85.02 

41 

756 

86.16 

85  56 

80.73 

42 

1003 

76  51 

76.86 

74.08 

43 

1348 

67  63 

68.35 

66.46 

44 

2536 

56.86 

57.44 

56.16 

45 

3514 

46.10 

46.56 

45.69 

46 

4490 

39  46 

39.77 

39.21 

3un.  Jun  4,   1939     11,30  AM 

At  3.5  in. 

31.49 
31.44 
31  .44 
31.35 
31.28 
31.34 
31.31 
31.32 
31.21 
31.25 
31.19 
31.19 
31.16 
31.17 
31.14 
31.10 
31.08 
31.03 
30.98 
30.99 
31.15 
31.55 
32.16 
33.30 
34.77 
37  56 
40.16 
42.88 
47.03 
51.00 
54.66 
59.00 
62.68 
65.83 
70.25 
73.95 
77.53 
79.53 
80.63 
80.43 
78.50 
73.45 
66.33 
56.13 
45.73 
39.29 
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"'ax   I  er^o  ua:a. 
'•  <3  3;eel  hY-i  00 


HY-130 


1 
2 

0.5 

302.80 

339.68 

314.77 

1  5 

2  5 
3.5 

159.89 

156.94 

156.07 

3 

98  93 

108.40 

94  82 

39  58 

90.42 

80  63 
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Strain  data  tables  record  the  microstrain  longitudinally  at  1",  2"    V 
and  ^"  and  transversely  at  l.:5",  2.25",  3.25",  and  4.25".   Tables  5.  6,  and 
7  are  strain  gage  temperanare  compensated  (appendix  4  contains  the  strain 
gage  temperature  compensation  cur\'e  for  XYll  strain  gages): 
Title 


Data  Table 
5 


9 
10 


Strain  (y)  .VIS  #4  w/Tcomp 

Strain  (x;  MS  #4  w/Tcomp 

Strain  (y)  HYIOO  #5  wATcomp 
Strain  (x)  HYIOO  #5  w/Tcomp 
Strain  (y)  HY130  #6  w/Tcomp 
Strain  (x)  HY130  #6  w/Tcomp 


Readings 
Transverse  strain 
recorded  on  mild  steel 
experiment  #4 
Longitudinal  strain 
recorded  on  mild  steel 
experiment  #4 
Transverse  strain  on 
HYIOO  experiment  #5 
Longitudinal  strain  on 
HYIOO  experiment  #5 
Transverse  strain  on 
HY130  experiment  #6 
Longitudinal  strain  on 
HY130  experiment  #6 


Strain    data    tables    without    temperature    compensation    (actual 
microstrain  readings): 


Data  Table 
11 

12 


13 
14 
15 
16 


Title 

Strain  (y)  MS  #4  w/o  Tcomp 

Strain  (x)  MS  #4  w/o  Tcomp 


Readings 

Transverse  strain  on 
mild  steel  experiment  #4 
Longitudinal  strain 
recorded  on  mild  steel 
experiment  #4 

Strain  (y)  HYIOO  #5  w/o  Tcomp     Transverse  strain  on 

HYIOO  experiment  #5 

Strain  (x)  HYIOO  #5  w/o  Tcomp      Longitudinal  strain  on 

HYIOO  experiment  #5 

Strain  (y)  HY130  #6  w/o  Tcomp     Transverse  strain  on 

HY130  experiment  #6 

Strain  (x)  HY130  #6  w/o  Tcomp      Longitudinal  strain  on 

HY130  experiment  #6 
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195 

652.72 

385.92 

97.29 

119.47 

39 

209 

590.23 

383.97 

91  73 

1  17.43 

40 

219 

552.16 

382.50 

87.80 

114.72 

41 

229 

516  78 

380.77 

84  64 

113.56 

42 

239 

483  38 

379.20 

81.08 

112.22 

43 

249 

451  97 

377.37 

77.99 

111.73 

44 

274 

380  65 

371  85 

71  .50 

1  12.74 

45 

294 

332  21 

367.56 

66.97 

1  14.90 

46 

314 

289.14 

363.35 

62.93 

118.67 

47 

334 

250.66 

360.47 

59.02 

119.88 

48 

354 

216  01 

357.34 

55.15 

121.07 

49 

374 

185.13 

354.39 

51.43 

121.79 

50 

394 

157.35 

351.69 

48.67 

123.97 

51 

414 

133.46 

349.44 

45.54 

124.61 

52 

434 

1  1  1  44 

347.73 

42.44 

125.32 

53 

534 

25.83 

341.36 

30.59 

128.67 

54 

594 

-1  1.06 

339.71 

24.88 

130.00 
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:cr-D  Sun,   J^n  4,    19S9     '  35   ?M 

At  3.00  in  At  4.00  in 


505 

-42.82 

338.45 

19.25 

131.14 

704 

■33  71 

337  87 

12  04 

132.17 

^42 

'2011 

337.53 

5.39 

133  27 

340 

•  30  07 

337.34 

-6  62 

135.70 

^  137 

231  87 

337.68 

-16.37 

138  22 

•527 

338  36 

337.28 

-36.16 

142,75 

2413 

453  54 

337.67 

-57.17 

146.16 

3562 

545.01 

341  97 

-78.33 

146.04 
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^ 

-'9     =>i     MO 

At    1  25    n              A 

2  25    n              At 

3.25  ,n             At 

4,25   :n 

1 

0 

4  33 

4   12 

4.39 

2,92 

2 

6 

2.40 

2.05 

-8.57 

1  .44 

3 

8 

7.88 

-.97 

-.08 

.92 

d 

12 

-',02 

■6.57 

-8  93 

-6.73 

5 

23 

■oO   54 

-33.91 

55.29 

-6  48 

6 

25 

■53.00 

■72.53 

49.88 

--42 

7 

27 

3.78 

-59.36 

40.60 

7.33 

8 

23 

-7   18 

-37.61 

28.04 

16.80 

9 

30 

-63.40 

-40.12 

16.93 

25.41 

10 

32 

-77  19 

■57.81 

13.38 

29  85 

1  1 

34 

-36.51 

-78.18 

15.86 

31  ,54 

12 

36 

53.63 

-94.09 

17.48 

36.32 

13 

38 

151.37 

1  16  33 

12.52 

34.50 

14 

40 

235.49 

131.19 

34.27 

35.43 

15 

42 

313.95 

147.03 

41.32 

26.32 

16 

44 

386.34 

166.48 

54.33 

17.59 

17 

46 

484,10 

183.31 

64.64 

14.82 

18 

48 

548.03 

197.45 

73.25 

11   42 

19 

50 

579.05 

198.50 

80.80 

5.79 

20 

52 

804.17 

200.26 

84.68 

.55 

21 

54 

882.56 

195.85 

86.76 

-4.14 

22 

56 

998.79 

191.12 

83.31 

-8.28 

23 

58 

1097.38 

182.75 

85  39 

-8.58 

24 

60 

1125.74 

171.81 

81.55 

14.26 

25 

63 

1  195.01 

154  67 

72.84 

18.04 

26 

72 

1262  82 

-97.43 

46.75 

26.1  1 

27 

82 

1276.74 

-43.93 

18  72 

30.43 

28 

93 

1214.45 

16.42 

11    34 

30.82 

29 

102 

1151.13 

52.56 

34  07 

29.44 

30 

111 

1103.86 

82.95 

52  66 

27.50 

31 

121 

1053.78 

1  1  1.07 

69  53 

24,75 

32 

135 

986.80 

144  25 

88.98 

21.75 

33 

■  145 

943.00 

160.66 

98.76 

1  9.84 

34 

155 

900.08 

174.04 

05.86 

19.14 

35 

165 

857.91 

184.75 

1  1.37 

17.69 

36 

175 

816.16 

192.40 

14.99 

17.34 

37 

185 

777.33 

197.50 

17.29 

17.91 

38 

135 

742.54 

201.58 

19.16 

17.27 

39 

209 

696.15 

206.97 

20.41 

17.31 

40 

219 

669.32 

208.99 

21.1  1 

16.57 

41 

229 

645.18 

213.53 

20.95 

16.23 

42 

239 

623.12 

213.96 

20.97 

15.26 

43 

249 

603  08 

214.95 

20.86 

1  4.65 

44 

274 

558.30 

217.30 

19.04 

12.81 

45 

294 

528.47 

219.22 

18.00 

11.10 

46 

314 

502.59 

220.25 

17.00 

-9.81 

47 

334 

480.05 

221.06 

16.10 

-8.66 

48 

354 

460.03 

222.33 

15.47 

-7.06 

49 

374 

442.84 

223.29 

1  4.41 

-5.71 

50 

394 

427.22 

223.78 

13.04 

-4.58 

51 

414 

413.68 

224.76 

12.32 

-3.78 

52 

434 

400.79 

225.08 

11.86 

-2.75 

53 

534 

353.46 

226.84 

08.29 

-1.16 

54 

594 

333.21 

227.51 

06.61 

-0.52 
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3:-a.-  <,    MS   tf4   w  o    Tccr-p  s^n.  Jun  4.   1539     :  35  PM 

25    n  At  2.25   m  At  3.25  in  At  4  25   m 


55 

605 

316  96 

227  83 

104  97 

-0.28 

56 

704 

294  56 

227.65 

103.15 

■0.42 

57 

742 

2-5  94 

227.65 

101  63 

-0.31 

58 

940 

244.50 

227  08 

98.74 

-0.46 

59 

M37 

2-9. 64 

227.15 

96.44 

■0  40 

60 

•627 

•70  02 

225.11 

91  68 

-0.29 

61 

2413 

:  V,  .79 

222.07 

85.22 

-2.26 

62 

3562 

69.51 

216  34 

76,82 

-7.32 
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V/ICO   :t5    ^  0   Tcz-D  S'.n.  .'.n  a,   :  533     •  37  p.j 

At  2.00   in  At  3.00  in  At  4.00  in 


1 

0 

-2.09 

27.13 

1.77 

3.22 

2 

10 

-5.39 

-1.62 

3,66 

-5  83 

3 

20 

-8.41 

56.74 

60.85 

-0.95 

4 

30 

344.34 

294.45 

34  32 

51    37 

5 

32 

578.99                  370.73 

64.62 

73.53 

6 

34 

730.93                   444.80 

81   88 

80.96 

7 

35 

772.53                  527.73                  220.76 

93.49 

8 

37 

759.64                  600.06                  253.42 

87.63 

9 

39 

680.56                  672.57                  290.70 

84.06 

10 

41 

714.53 

'35.92                  333.19 

77  58 

1  1 

43 

784.45 

'78.94                  369.99 

70.12 

12 

45 

883.12                  814.49                  388.66 

67.14 

13 

47 

997.10                   833.42                   416.08 

57.1  1 

14 

49 

1159.08                   845.49                   464.24 

50.20 

15 

51 

1317.34                   850.05                   450.89 

41.82 

16 

53 

1452.33                  846.27                  470.50 

34.20 

17 

55 

1564C0                   833.16                   475.09 

23.39 

18 

57 

1616.14                   819.28                   490.42 

18.04 

19 

59 

1634.58                  800  03                  514.39 

10.67 

20 

61 

1630.91                   776.29                  527.65 

-2.95 

21 

63 

1593.86                  747.31                   519.11 

4.26 

22 

65 

1550.12                  722.18                  517.74 

10.85 

23 

68 

1546.66                  671.39                  520.27 

22.15 

24 

74 

146789                  S 

59.39                  515.91 

45.64 

25 

82 

1440.62                   461.72                   494.55 

71.26 

26 

90 

1433.12                   374.08                   45931 

92.65 

27 

95 

1413.95                  329.81                   433  73 

03.06 

28 

100 

1390.62                  291   93                  404  53 

11  .66 

29 

106 

1361.39                  253.64                  367  ^5 

19.68 

30 

113 

1335.42                  226.93                  326  46 

26.06 

31 

.123 

1308.27                   1 

90  60                  268.08 

30.40 

32 

128 

1289.00                   172.61                   240.94 

30.87 

33 

138 

1243.56                  139.36                  192.25 

29.87 

34 

147 

1196.31                   109.11                   150.87 

26.37 

35 

162 

1123.84 

71   57                   101.97 

18.94 

36 

177 

1051.12 

41   09 

64.72 

10.26 

37 

'92 

981.13 

16  59 

36  33 

01  .36 

38 

21  1 

894.71 

-7.76 

7.95 

90.31 

39 

231 

817.16 

25.58 

-4  81 

81.50 

40 

256 

729.01 

40.79 

42.12 

75.50 

41 

286 

606.53 

55.05 

51.97 

73.03 

42 

306 

553.66 

59.04 

58.99 

73.23 

43 

366 

424  55 

63.65 

73.11 

76.61 

44 

426 

329  20 

63.83 

81.11 

80.30 

45 

506 

232.59 

61.61 

87.75 

83.55 

46 

606 

144.38 

58.04 

90.46 

86.53 

47 

746 

56.16 

53.15 

89.71 

89,09 

48 

993 

-41.62 

45.84 

83.28 

93.84 

49 

1435 

-160.56 

34.63 

66.92 

102.68 

50 

2023 

-280,18 

23.18 

49.23 

111.76 

51 

3489 

-443.04 

13.43 

30.75 

118.36 

52 

6024 

•526.68 

12.90 

24.50 

117.79 
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"GO   S3    .V  0   Tccr 
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4,  1989     : 

37  ?\\ 

7 

-e    =5    .V  3 

At   V25   .n             A 

2,25   in             At 

3,25  ,n              At  4.25   ;n 

1 

0 

2.77 

1.32 

-8.17 

5.64 

2 

1  0 

-1,21 

-5.18 

16.55 

3.85 

3 

20 

-•ii    54 

-73.41 

-54  72 

4,25 

4 

30 

■  1  7  GO 

-51.96 

-45  81 

31,77 

5 

32 

-52.03 

-28.17 

09 

55,68 

6 

3- 

-122.73 

45,99 

18,96 

55.33 

7 

35 

■'  '8  87 

53,60 

-2,83 

50,62 

8 

37 

-141  .24 

-8111 

70.74 

^3,32 

9 

39 

-102.89 

137.09 

16,17                    61.51 

10 

41 

-45.80 

138.10 

41.25                     57  97 

11 

43 

-32.50 

160.96 

48.66                     52.08 

12 

45 

12T.98 

172.07 

64.85                     51.42 

13 

47 

220.01 

176.22 

71.44                     47.80 

14 

49 

297  32 

173.57 

78.92                     44.89 

15 

51 

395.25 

171.78 

74.77                     62.98 

16 

53 

477.85 

164.01 

65.44                      50.61 

17 

55 

587.99 

162.26 

94.59                     46.05 

18 

57 

709.86 

163.89 

96.38                     40.59 

19 

59 

814.58 

147.21 

97,27                     23.36 

20 

61 

921.20 

142.13                -1 

13.17 

i7.73 

21 

63 

1008.14 

126.93                -1 

09.66                     31.23 

22 

65 

1115  69 

115.96 

09.33 

29.97 

23 

68 

122322 

-96.86 

08,39                     27.04 

24 

74 

1348.66 

-58.10                -103.82 

9.81 

25 

82 

1321.26 

-10,42 

94.56 

0.29 

26 

90 

1209.24 

34,1  1 

82  07 

3.37 

27 

95 

1175.99 

59  26 

72  90 

-.02 

28 

100 

1155.88 

82,88 

63  59 

3.50 

29 

106 

1144.56 

1  TO  35 

52  85 

5.71 

30 

1  13 

1  197.06 

137  30 

41    78 

7.40 

31 

123 

1207.51 

173,15 

27  52 

8.58 

32 

128 

1217.00 

187.93 

2131 

8.80 

33 

138 

1213.35 

214.79 

-9.45 

8.90 

34 

147 

1202.48 

235  54 

1.21 

7.64 

35 

162 

1178.26 

255.80 

15.79 

6.28 

36 

'77 

1140.86 

264.50 

28.95 

4.76 

37 

192 

1094.54 

268.11 

39.35 

2.97 

38 

211 

1022.90 

266,03 

50.27 

-.74 

39 

231 

946.13 

263,35 

58.39 

2.40 

40 

256 

847,06 

256,25 

64.00 

6.54 

41 

286 

694  63 

241.35 

68.13 

3.03 

42 

306 

625  55 

235.16 

68.70 

6.01 

43 

366 

449  33 

217  89 

69.54 

21.59 

44 

426 

311   98 

204.62 

68.59 

24.60 

45 

506 

171.54 

196.32 

67  59 

27.28 

46 

606 

43.12 

187.33 

66.64 

27.92 

47 

746 

-80.71 

181.54 

67.55 

28.53 

48 

993 

-221   39 

178.74 

71.18 

28.72 

49 

1435 

-380.73 

181.09 

79.29 

29.76 

50 

2023 

-462.79 

184.06 

87.13 

30.11 

51 

3489 

-599.31 

181.88 

91.32 

25.03 

52 

6024 

-672.34 

177,11 

89.77 

7.05 
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~e    =5    A  3 

-:   '  CO    n      . 

At  2.00   in             At 

3.00  in 

At  4,00   in 

1 

0 

<  '   45 

-3.99 

■7.69 

13  24 

2 

10 

28 

-8.70 

•2.94 

33.97 

3 

19 

-:9.67 

45.65 

46.30 

47.13 

4 

27 

2C0.78 

243.40 

05  25 

43  26 

5 

2  9 

253.13 

281.20 

06.39 

33  05 

6 

31 

;82.84 

339  67 

13.86 

13.78 

7 

33 

"24.47 

423.97 

24.73 

3.49 

8 

35 

733  08 

516  96 

68  85 

•8.86 

9 

36 

737.43 

513.23                  203.61 

-1  7  64 

10 

38 

725.00 

690.58                  251.56 

-29.12 

1  1 

40 

611.07 

750.06                  282.20 

-12.95 

12 

42 

669.08 

813.45                  312.68 

-38.88 

13 

44 

598.73 

844.08                   346.30 

•41.63 

1  4 

46 

781.91 

873.14                  357.23 

-34.06 

15 

48 

962.31 

889.54                   384.90 

-30.14 

16 

50 

1120.22 

905.09                  402.81 

-24.08 

17 

52 

1243.96 

890  38                  419.92 

-13.06 

18 

53 

1404.45 

882.73                   442.45 

2.38 

19 

58 

1519.86 

848.54                  453.30 

24.06 

20 

61 

1736.11 

81011                    476.60 

34.34 

21 

66 

1756.57 

744.93                   491.23 

45.57 

22 

75 

1702.69 

598.96                  499.70 

12.70 

23 

83 

1645.09 

512.74                   491.55 

27.97 

24 

91 

1560.77 

437.51                    474.17 

52.39 

25 

99 

1488.64 

365  89                  445.09 

92.14 

26 

106 

1404.74 

308.62                   41006 

108.61 

27 

118 

1136.54 

245.15                  353  41 

123.28 

28 

128 

1285.79 

207.27                  306  29 

124.79 

29 

138 

1225  22 

176.83                  262  40 

128.53 

30 

153 

1131.82 

135.92                  205.90 

138.67 

31 

168 

1044  61 

100.90 

61    54 

145.93 

32 

.183 

967.05 

72.36 

27.84 

204.57 

33 

202 

881.15 

43.21 

94.77 

208.57 

34 

222 

814.81 

21.28 

70.02 

152.01 

35 

242 

764. .22 

5.73 

51.63 

142.21 

36 

277 

699.92 

-12.25 

28.05 

122.68 

37 

317 

649.76 

-21.56 

10.67 

106.85 

38 

377 

601.23 

-24.83 

-4  85 

89.14 

39 

437 

568.85 

-23.43 

14  33 

74.16 

40 

517 

542.25 

-19.10 

20.13 

44.26 

41 

617 

521   87 

-12.76 

27.35 

34.31 

42 

756 

505.60 

-6.43 

31.11 

25.76 

43 

1003 

491.07 

2,17 

30.34 

17  84 

44 

1348 

480  86 

12.12 

24.24 

22.04 

45 

1936 

408.75 

24.99 

13.95 

38.36 

46 

2914 

286.41 

34.93 

-5.18 

54.93 

47 

3695 

214.71 

38.47 

-3.12 

66.64 

48 

5645 

181.36 

40.46 

-2.63 

47.39 
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n  4.   :  : 

7 

-e    =-5    /^  3             A 

'  25   ,n             A 

225   :n             At 

3.25  ,n             At 

4.25   in 

1 

0 

23  58 

-2.29 

7.34 

12.50 

2 

10 

2.16 

■46  87 

-15.00 

-4.00 

3 

19 

-42.43 

-60.25 

-40.20 

21   38 

4 

27 

■-;o.29 

•49  13 

■38.07 

5,54 

5 

29 

-55  89 

138  03 

-21    21 

24  57 

6 

31 

-59  60 

■31.42 

38.00 

34.95 

7 

33 

173.51 

■34   19 

-6.96 

56  07 

8 

35 

301.52 

■21.85 

21.83 

65.19 

9 

36 

413.25 

-81  .61 

9  67 

75.26 

10 

38 

484.30 

104.68 

.50 

68.11 

1  1 

40 

519.41 

134.62 

-1.88 

65.46 

12 

42 

532.70 

183.34 

40.26 

64.28 

13 

44 

491   09 

187.41 

34.94 

60,80 

14 

46 

424  48 

255.05 

55.81 

56,97 

15 

48 

365  92 

201   58 

70.28 

45.89 

16 

50 

310  58 

173  26 

68.51 

51.62 

17 

52 

222  92 

200.85 

75.38 

52.34 

18 

53 

108.35 

228.43 

81.94 

43.18 

19 

58 

184  95 

18887 

03.52 

34  81 

20 

61 

408.75 

175.68 

01.44 

32.73 

21 

66 

587  64 

144.78 

03.51 

28.30 

22 

75 

792.18 

■93.08 

03.08 

18,20 

23 

83 

892.41 

•59  85 

00.42 

11.89 

24 

91                 1 

022.55 

■27  39 

93.63 

5  81 

25 

99                1 

104.1  4 

7.02 

83  32 

.45 

26 

106                1 

108.35 

35.50 

71    82 

•2.99 

27 

118                1 

078.37 

68.26 

54  30 

-6,66 

28 

128                1 

033.13 

88.73 

42  39 

-7,63 

29 

138 

991.05 

105  97 

31    27 

-7.97 

30 

153 

939  56 

125.50 

17  92 

-7.36 

31 

■168 

887  68 

142.81 

•8.02 

•6.37 

32 

183 

837  98 

148.70 

•10 

-5.62 

33 

202 

783.86 

152,24 

6.78 

-5.35 

34 

222 

751.1  1 

150.96 

10.73 

-5.77 

35 

242 

731.80 

146.25 

13.23 

-6  91 

36 

277 

711.92 

143.82 

14.06 

-8.45 

37 

317 

698.42 

130.59 

13.45 

1  1.28 

38 

377 

688.70 

120.24 

10.24 

13.99 

39 

437 

684  87 

111.62 

7.66 

16.03 

40 

517 

683  89 

107.93 

4.76 

17.85 

41 

617 

685  53 

101   82 

2.83 

19.09 

42 

756 

687  89 

101.37 

2.94 

18.97 

43 

1003 

691   30 

101.78 

4.75 

17.13 

44 

1348 

694  56 

105.45 

9.53 

13.27 

45 

1936 

697  20 

119.76 

15.75 

-8.34 

46 

2914 

696.12 

120.29 

18.37 

-5.86 

47 

3695 

694.60 

119.58 

18.50 

-6.09 

48 

5645 

688  87 

1  14.91 

15.30 

-9,39 
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Residual  stress  (in  Ksi)  contains  residual  stress  data  measured  usin^^  the 
stress  relaxation  technique  previously  described.  TTie  first  two  columns 
show  the  \  alue  recorded  tor  Mild  Steel  without  side  heat.  Column  one  is 
the  longitudinal  residual  stress  at  1",  2",  3",  and  4"  from  the  weld  line. 
Column  two  is  the  transverse  residual  stress  at  1.25",  2.25",  3.25",  and 
column  4  is  the  same  for  HYIOO  transverse.  Column  5  is  the  same  for 
HY130  longiaidinal.  and  column  6  is  the  same  for  HY130  transverse.  The 
same  sequence  is  followed  for  the  next  six  columns,  except  the  side  heating 
is  applied  from  experiments  #26,  #27,  and  #28.  The  data  analysis  for 
chapter  4  shows  the  percentage  of  residual  stress  reduction  achieved  with 
the  side  heat  from  I7.38^c  to  39.17%. 


Data  Table 
17 


Title 

Residual  (3  pages) 


Readings 

Residual  stress  recorded  in  Ksi 
without  side  hat  the  first  six 
columns  (mild  steel 
longitudinal  and  transverse, 
HYIOO,  longitudinal  HY130 
longitudinal  and  transverse). 
The  last  six  columns  with  side 
heat  same  sequence  as  before. 
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Residual  (2  pages) 


Before  cutting  and  after  cutting 
microstrain  used  to  compute 
residual  stress  without  side  heat 
(#4  -  #6). 
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MSiy)    w,o     HYlCO(x)    w/o     HYlOO(y)    wo 


3  57 

-2.46 

23.99 

3  88 

8  34 

1    88 

-2.23 

3  323 

2^7 

5  41 

■10.13 

■6.54 

2   56 

6  1  72 

-1197 

•5,44 
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20.35 

9  26 

V25 

■2  :5 

-•  59 

2  25 

3  G9 

-'2  27 

3  25 

-5  95 

-•0  18 

4  25 

",y)  S.ce  heatirg  mS(xj  sn 


-"!  .764 
-1.703 


18^ 


-  V  9  0  7 
•  '  54 
3   55' 


)  sn 

5  99 

32  5 

■  5 

552 

■3 

-52 

Residual  3un,  Jjn  4,   ■:  539 

HY'COfy)    sn         HY^30(x)   sh         HYl30(y)   sh 


2  59 

2.274 
•3  599 
■4.063 


15.65 
-10.08 
-4  921 
-4.251 


7.125 
-1  .427 
-8  503 
■7.730 
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TABLE   18        RESIDLAL  STRESS- BEFORE  CUTTING 


3) 
4) 


2.259e+02 
4.246e+02 
2.195e+02 
4.028e+O2 


5)  4.479e+02  |i 

6)  4.700e+01  |i 

7)  3.622e+01  |i 

8)  2.358e+01  [i 


HY-lOO 


I) 

5.843e+01    u 

2) 

2.106e+02    [i 

3) 

3.240e+02    ^ 

4) 

4.570e+02    |i 

Mild  Steel 

1) 

5.007e+02    |i 

2) 

6.064e+02    |i 

3) 

2.505e+O2    |i 

4) 

5.554e+02    ^i 

5)  -8.229e+01  |i 

6)  -  5.973e+02  |i 

7)  -3.255e+02  [i 

8)  -  3.554e+02  ji 


5)  2.827e+02  )i 

6)  -3.532e+01  \i 

7)  6.549e+01  |i 

8)  -  1.206e+02  |i 
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TABLE  18         RESIDL  AL  STRESS  -  AFTER  CLTTESG 


HY.130 


1) 

-  3.598e+02 

1^ 

5) 

3.427e+02 

]i 

2) 

8.107e+02 

i^ 

6) 

-  2.056e+01 

|i 

3) 

3.666e+02 

u 

7) 

3.642e+02 

^ 

4) 

4.994e+02 

^ 

8) 

3.033e+02 

[^ 

HY-lOO 


1)  -8.192e+02 

2)  3.182e-K)2 

3)  5.963e+02 

4)  7.915e+02 


5)  1.9286+02  |i 

6)  -7.304e+02  ^ 

7)  -  2.089e+02  |i 

8)  -2.604e+02  |i 


Mild  Steel 


1)  1.905e+02  ^i 

2)  -  3.901e+02  |i 

3)  3.8686+02  |i 

4)  7.0236+02  14 


5)  4.5056+02  )i 

6)  -  1.5736+02  II 

7)  1.3946+02  |i 

8)  -3.5196+02  ^i 
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Distortion  data  -  these  set  of  tables  include  large  amount  of  distortion 
data  gathered  from  experiments  #8  through  #28.  The  "Distonion  Table 
contains  60  sequential  columns  as  follows: 

Data  Table  19        Distonion  Data  Strain  Readings 

I     HY130columnl -4    \ 
without  side  heating  \     HYIOO  column  5-8 

iMild  Steel  column  9  -  121 

(    MS  column  13-16    \ 
side  heatins  lonsitudinallv  matched  to  arc  \ HYIOO  column  17  -  20/ 

IHYIBO  column  21 -24) 

I    MS  column  25-28    \ 
side  heatin2  positioned  9"  ahead  of  arc  \HY100  column  29  -  32/ 

1hY130  column  33 -36) 

(    MS  column  36-40    \ 
side  heatin2  positioned  9"  lonsitudinally  behind  arc  ^HYIOO  column  41  -  44/ 

'HY130  column  45 -58) 


distortion  data  taken  during  the  aq    ^i    \ 

final  series  of  experiments  ri^iAA^^r"^     c'-j     c^' 

.,     .J    ^_              u  J  iHYlOO  column  53  -  56/ 

with  side  heat  matched  l^ynO  column  57  -  6o) 
longitudinally  to  arc 


187 


CISTCRTION  Taoie#1  Sun,   J.n  4.   '389 

:.v  04.5'       '3Cw/c9.00"    130W/O13.75"        TimelOOw/o 


1 

0 

0 

0 

0 

0 

2 

^0 

0050 

0030 

0050 

9 

3 

24 

3*00 

0080 

.01  00 

30 

4 

40 

3140 

O'SO 

0140 

42 

5 

50 

0145 

0170 

.0145 

60 

6 

60 

0150 

0180 

.0150 

69 

7 

38 

0140 

.0175 

.0140 

94 

8 

102 

.0130 

0165 

.0130 

106 

9 

110 

.0130 

.0160 

.0130 

1  17 

10 

126 

.0120 

0150 

.0120 

133 

1  1 

138 

.0110 

0140 

01  10 

154 

12 

155 

0100 

0130 

0100 

179 

13 

172 

0090 

0115 

0090 

194 

14 

194 

.0080 

0100 

0080 

215 

15 

209 

0070 

0090 

0070 

223 

16 

233 

.0060 

.0080 

0060 

234 

17 

254 

.0050 

0070 

0050 

245 

18 

279 

.0040 

.0060 

0040 

269 

19 

308 

.0025 

0050 

.0025 

285 

20 

330 

.0020 

.0040 

.0020 

297 

21 

350 

.0010 

.0035 

.0010 

327 

22 

375 

.0005 

.0030 

.0005 

366 

23 

395 

.0002 

.0025 

.0002 

413 

24 

413 

.0000 

.0020 

.0000 

467 

25 

446 

.0010 

0000 

.0010 

519 

26 

491 

0015 

.0005 

,0015 

602 

27 

520 

0020 

.0010 

.0C20 

695 

28 

609 

.0030 

.0020 

.0030 

778 

29 

642 

0030 

.0020 

.0030 

964 

30 

762 

0035 

0030 

.0035 

1532 

31 

828 

.0040 

.0030 

.0040 

32 

937 

.0040 

.0032 

.0040 

33 

1281 

.0040 

.0040 

.0040 

34 

:iSTCRT10N  Taoietfi  Sun,  Jun  4,   iggg 

CCw'Ol3.75"         T,meMSw/0        MSw/o   4  5" 


1 

0 

0 

0 

0 

0 

2 

0050 

CC40 

0030 

20 

0060 

3 

0-20 

0'  00 

0050 

40 

0090 

4 

Z'  50 

:'50 

0090 

55 

0100 

5 

0180 

0200 

0150 

63 

0100 

6 

C  70 

0190 

.0140 

97 

0070 

7 

O'SO 

0^70 

0130 

105 

0060 

8 

0130 

.0140 

0120 

116 

0050 

9 

.0120 

.0130 

.01  10 

128 

0030 

10 

0100 

01  10 

0090 

133 

0020 

1  1 

.0080 

.0090 

0080 

148 

0010 

12 

.0060 

0070 

0060 

165 

0000 

13 

0050 

0060 

0050 

171 

0005 

14 

.0040 

0050 

,0045 

179 

0010 

15 

0030 

0040 

0040 

183 

,0020 

16 

0020 

0040 

.0035 

190 

,0030 

17 

0015 

0035 

0030 

210 

.0045 

18 

0000 

.0025 

.0020 

227 

,0050 

19 

0000 

0020 

0018 

244 

.0065 

20 

0010 

0015 

0010 

252 

.0070 

21 

.0020 

.0000 

0000 

275 

.0080 

22 

,0030 

.0010 

0010 

305 

.0090 

23 

.0040 

.0020 

0020 

333 

.0100 

24 

0050 

0030 

0025 

342 

.0105 

25 

0058 

.0040 

0030 

391 

.0115 

26 

.0062 

.0050 

.0040 

447 

.0123 

27 

0070 

.0053 

.0042 

-88 

.0130 

28 

0072 

.0057 

0050 

531 

.0131 

29 

.0078 

0060 

0050 

636 

.0132 

30 

.0080 

0070 

0050 

720 

.0135 

31 

1123 

.0135 

32 

1300 

.0135 

33 

34 
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'c^et  G'3C-  LJata 


DISTORTION  TaDie#1  Sjn,  Jun  4,   1339     11  41   AM 

•3.75"         T,meMSshO"         MSshO-4.5'         MSsnO-Qo" 
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0010 
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0040 
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0025 

0050 
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0090 

63 

0030 

0055 

6 

0  0  90 

0080 

97 

0020 

0050 

7 

0080 

.0060 

103 

0015 

0040 

8 

0060 

0050 

124 

0005 

0025 

9 

.0050 

0040 

130 

0000 

0020 

10 

.0040 

.0030 

135 

0010 

0010 

1  1 

0030 

0020 

151 

0020 

0000 

12 

0015 

0015 

172 

0030 

0015 

13 

.0010 

0010 

189 

0040 

0030 

1  4 

.0000 

.0000 

220 

0055 

0045 

15 

.0010 

.0000 

230 

0060 

0050 

16 

.0020 

0010 

245 

.0070 

0060 

1  7 

.0030 

0020 

272 

0080 

0070 

18 

.0040 

0025 

303 

.0085 

0080 

19 

.0050 

0030 

326 

.0090 

0090 

20 

.0060 

0040 

359 

.0100 

.0100 

21 

.0070 

0050 

41  1 

.0103 
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22 

0080 

0050 

443 

.0110 

.0110 

23 

.0095 

0065 

564 

.0115 

.0120 

24 

0100 

0070 

624 

.0120 

.0125 

25 

0110 

.0080 

900 

0120 

.0125 

26 

0120 

0085 

27 

.0125 

.0090 

28 

0130 

.0095 

29 

.0138 

.0100 

30 

.0140 

.0105 

31 

.0150 

.0110 

32 

.0150 

.0110 

33 

34 
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CiSTCRTiON  Tanle^l  S^n,  Jun  4.   1539     ^  4'   AM 

-e'CCsnO"       'COsr.0-4.5'  100sh0-9.0"   1  OOshO- :  3,  75' 
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0070 
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0080 
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0C30 

85 

0080 

0100 

0090 

7 

0025 
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0060 
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0080 

8 

0020 

1  ^6 

0050 

.0080 

0070 

9 

0015 

127 

0045 

.0070 

0060 

10 

0010 

139 

0040 

.0055 

0050 

1  1 

.0000 

164 

.0035 

.0050 

0045 

12 

.0010 

177 

0030 

.0045 

0040 

13 

.0020 

*97 

0015 

.0035 

0030 

1  4 

.0030 

208 

0010 

.0030 

0025 

15 

.0035 

226 

0000 

.0020 

0020 

16 

0040 

251 

.0010 

.0005 

0010 

17 

.0050 

278 

0015 

.0000 

.0000 

18 

.0060 

299 

0020 

.0010 

.0005 

19 

.0065 
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0035 

.0030 

.0020 
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.0040 
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21 
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22 

.0080 

584 
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0090 
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.0090 
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33 

34 
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•  3:5-0-9  3-  -acs-^c-'srs" 
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0075 
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1-0 

3345 
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.0070 
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8 
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0070 

0060 

1  01 

9 

155 

0035 
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0050 

127 

10 

'84 

3025 

.0050 

.0040 

145 

1  1 

205 

0020 

.0040 

.0035 

^61 

12 

223 

0015 

.0035 

0030 

178 

13 

246 

0010 
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.0025 

189 

14 

272 
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0020 

201 

15 

300 
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0010 

.0010 

208 

16 

332 

0010 
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227 

17 

384 

0020 

3010 

0010 

249 

18 

406 
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273 

19 

597 
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0030 

299 
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325 

21 

1  107 

0045 
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371 
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395 
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V33«'3.75'       T  -8100-9.-  '  00-9-4  5' 
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.0010 

0010 

192 

0055 

13 

0035 

0025 

0020 

229 

0045 

1  4 

0040 

0030 

0025 

257 

0020 

15 

0050 

0040 

.0030 

278 

0015 

16 

0060 

.0050 

0040 

309 
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;.3TCRTI0N  Taolesfl  S-r,  J.^n  4.    :9S9     1*4^    AM 

-~e^30-9^"  ^30-9  +  4.5*  130-9-9  0" 
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OiSTCRTiON  TaDie#l  s^n,  Jun  4,   i989     11  4i 

T  -eMS-S-  MS-9-4  5-  MS-9-9.0-       MS-9-13,75" 
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DISTORTION  Taoieffl  cont  Sun.  Jun  4,    i98; 

:0-9.4.5'  100-9-9.0"     100-9-13.75"       Timel30-9-' 


2 

10 

0020 

0010 

0010 

10 

3 

20 

0050 

0040 

0030 

20 

4 

30 

0120 

0120 

0080 

30 

5 

40 

0150 

0160 

0100 

40 

6 

50 

.0120 

0140 

01  10 

50 

7 

53 

0080 

0090 

0080 

60 

8 

76 

.0060 

0080 

0060 

88 

9 

93 

.0050 

.0070 

0050 

120 

10 

120 

.0045 

0065 

0045 

136 

1  1 

138 

.0040 
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22 

814 

0045 

0040 

.0035 

823 

23 

995 

.0050 

0040 

.0040 

971 

24 

1175 

.0050 

0045 

.0040 

1165 

25 

26 

27 
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9 

:ci5 

10 

CCAO 

1  1 

CC30 

'2 

:c20 

'  3 

:o'0 

*  A 

:cco 

'5 

::'5 

'  5 

::25 

1  7 

::35 

•8 

:3-iC 

*9 

::53 

23 

::6c 

21 

CC50 

■ ' : 

•  ::25 

•  •  3 

■  3323 

■  -  3 

-.3010 

•53 

0000 

'  "5 

0010 

235 

3325 

233 

:335 

253 

33-5 

33-i 

3355 

3"  - 

3353 

373 

.3070 

^22 

0072 

538 

0080 

5^-i 

3081 

933 

3085 

•22 

3085 

25 
25 

27 
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C.STCRTiCN  Taoe»i  cert 


"'^e-C0«27       10C#27sr4  5  CC*27sn    9* 


3 

■  -  ^  u 

■Jj:  0 

1  5 

C003 

■  ::2o 

::'5 

25 

00^0 

4 

■  ::33 

:c'5 

35 

C020 

5 

■  ::53 

::4o 

45 

CC40 

5 

-  ZZzZ 

0037 

60 

0050 

7 

-.CC-iO 

0035 

72 

0065 

8 

-  0035 

0030 

93 

0055 

9 

-.0020 

.0020 

105 

0050 

10 

-0010 

0010 

123 

0040 

1  1 

.0000 

0000 

136 

0035 

12 

.0015 

0010 

155 

0030 

13 

0030 

.0020 

184 

0015 

14 

.0040 

.0030 

212 

0005 

15 

.0050 

0040 

230 

0000 

16 

0060 

0045 

249 

0005 

17 

0070 

0050 

300 

0020 

18 

0080 

0060 

363 

0030 

19 

0088 

0065 

426 

0040 

20 

CC91 

0068 

500 

0050 

21 

C095 

0070 

607 

0055 

22 

.0100 

0070 

688 

0055 

23 

865 

0060 

24 

1260 

0060 

25 

26 

.0010 
CC20 
0040 
0080 
.0090 
0085 
0030 
0070 
0060 
0050 
0040 
0030 
0010 
0003 
0000 
0020 
0030 
0040 
0050 
0060 
0065 
0070 
0070 
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TCR'iCN  Tao.esi  cc 


=  2^3- 

•3-5- 

-e'33»28   '33*28 

sh4  5    i30#28sh9"    a 

28sr'3.75 

1 

3 

3 

0 

0 

0 

2 

0 

5 

0010 

0010 

■0010 

3 

::•  3 

'■  5 

0020 

0015 

■  0015 

^ 

3323 

38 

0040 

.0040 

-  3020 

5 

33-i3 

50 

0050 

0060 

-.0030 

5 

:C45 

60 

0080 

,0100 

-  0050 

7 

3353 

77 

0075 

.0105 

•0060 

8 

33^5 

89 

0070 

.01  10 

-.0070 

9 

.0040 

110 

0060 

.0090 

-.0060 

10 

.0035 

140 

0050 

0080 

-  0050 

1  1 

0030 

168 

0035 

.0070 

-  0040 

12 

.0025 

187 

0030 

.0060 

-.0035 

13 

.0010 

139 

0025 

.0050 

-.0030 

1  4 

.0000 

222 

0015 

0040 

-.0025 

15 

.0003 

241 

0010 

.0035 

-.0020 

16 

0010 

274 

0000 

.0020 

-.0010 

17 

.0020 

332 

0010 

.0010 

0000 

18 

.0030 

363 

0018 

.0000 

0003 

19 

.0040 

415 

0025 

.0010 

.0010 

20 

.0045 

471 

0030 

.0015 

.0015 

21 

.0050 

514 

0035 

0020 

.0020 

22 

.0055 

625 

0040 

.0030 

.0025 

23 

.0060 

737 

0045 

.0035 

.0030 

24 

.0060 

1009 

0050 

.0040 

.0035 

25 

1293 

0050 

.0045 

.0040 

26 

2220 

0050 

.0050 

.0040 

27 
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This  table  includes  the  distonion  measured  using  side  heat  only  (NO 
ARC  WELD)  to  isolate  the  effects  of  the  side  heat  torch. 

Data  Tjble  20  Strain  Readings 

(Mild  Steel  columns  1  -41 
SIDE  HEAT  ONLY      HY 100  columns  5  -  8 
I  HY130  columns  9-  12  I 
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bjn,  jjn  4.    -539     -233  p.^, 
MS  at  9.0-        MS    3113.75'  Ti^eHY:co 


3 

4 

5 

6 

7 

8 

9 

10 

'i   1 

12 

13 

1  4 

15 

16 

17 

18 

19 

1  0 
32 

50 
85 

105 
:i2 
'40 

0070 

0030 

0020 

1  5 

O'OO 

CCBO 

0070 
0C65 
C050 

0100 
0130 
0100 
0090 
0080 
0070 

.0050 
.0120 
0070 
0060 
0050 
0045 

35 

51 

60 

74 

95 

119 

127 

149 

187 

223 

242 

278 

329 

462 

777 

858 

900 

158 
170 
196 
226 
268 
302 
369 
472 
692 
900 
900 

.0045 
0040 
0030 
0025 
.0015 
0010 
0005 
0000 

.0000 

ooco 

0065 
0060 
0050 
0040 

.0035 
0030 

.0020 

.0015 
0010 
0008 

.0008 

0040 
0030 
0025 
0020 
0010 
0010 
0000 
0003 
0005 
0005 
0005 
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i.wCr---M  wPiL 

^                             Sun.  J^.- 

-  -^l^ 

•2  33  ?' 

^ 

'  ■  :3  a'-i  3*   -■^'  33 

a-9  Q- 

nY-CO  13  75- 

T,-::eHY130   HY130 

a!4  5- 

0 

COOO 

0 

0 

2 
3 

4 
5 
6 
7 
8 
9 

0050 
3-00 

q:  :o 

.3100 

:o90 
:c3  0 

C070 
.0065 

0320 

::so 

:-3o 

3'20 
01  !0 
C1C0 
3390 
0080 

.0010 
0030 
3100 

.0090 
0080 
0070 
3065 
0060 

17 
28 

60 
97 
129 
146 
168 
212 

0 
0030 
G050 
0C80 
0060 
0050 
0045 
0040 
0030 

1  0 

.0060 

3070 

0050 

285 

0020 

1  1 

0050 

3060 

0040 

397 

001  0 

12 

.0040 

0C50 

0035 

618 

0000 

13 

.0035 

C345 

0030 

910 

0000 

1  4 

0030 

0040 

.0025 

15 

0020 

0030 

0020 

16 

.0010 

0020 

0010 

^7 

0005 

0010 

0000 

18 

0000 

0005 

0000 

19 

.0000 

0005 

0000 
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S.CE  HEAT  ONLY 


389     '2  33  PM 


HY'30    a:9  0"      HY'3o 


2 

ZO'.O 

GC05 

3 

::5o 

0020 

4 

O'OO 

CC80 

5 

3085 

.0075 

6 

:370 

0065 

7 

0C55 

0060 

8 

.0060 

.0050 

9 

.0050 

0040 

:o 

.0035 

.0030 

1  1 

.0020 

0020 

12 

.0010 

.C010 

13 

.0002 

.0000 

1  7 
18 
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The  last  series  of  data  are  tables  ot  temperature  and  strain  collected 
during  experiments  =26  through  #28.  This  series  of  data  is  similar  to  the 
data  contained  in  a  experiments  -4  through  #6,  with  the  exception  of 
having  slightly  elevated  temperatures  associated  with  side  heating  away 
from  the  weld.  The  only  the  residual  stress  data  is  plotted  in  this  report 
from  these  experiments  #26  through  #28. 


Data  Table 
21 

22 

23 


Steel  Type 
MS  Temperature 

HYIOO  Temperature 

HY130  Temperature 


Strain 

24 

25 
26 
27 
28 
39 
30 
31 
32 
33 
34 


Steel  Type 
MS  Transverse  (y)  w/Tcomp 

Ms  Longimdinal  (x)  w/Tcomp 

HYIOO  Transverse  (y)  w/Tcomp 

HYIOO  Longitudinal  (x)  w/Tcomp 

HY130  Transverse  (y)  w/Tcomp 

MS  (y)  Transverse  w/o  Tcomp 

MS  (x)  Longitudinal  w/o  Tcomp 

HYIOO  (y)  Transverse  w/o  Tcomp 

HYIOO  (x)  Transverse  w/o  Tcomp 

HY130  (y)  Longitudinal  w/o  Tcomp 

HY130  (x)  Longitudinal  w/o  Tcomp 
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7ero  MS  w.sn   325 


1  e 

■A"  :  5  r 

At  V5  in 

At  2.5  in 

At  3  25  ,n 

0 

3C  51 

30.34 

30.52 

29  13 

2 

5 

33  51 

30  53 

30  00 

29  32 

3 

•  3 

3  0  23 

30.49 

30  58 

36.86 

- 

'  5 

30  '9 

30  35 

30  52 

40.90 

5 

30  29 

30.20 

30.36 

46.35 

6 

■  5 

30  25 

30  44 

30.35 

54.99 

7 

2  * 

30.38 

30  31 

30  24 

58.31 

8 

23 

30.42 

30  49 

30.44 

82.18 

9 

24 

30.44 

30.50 

31.05 

89.81 

10 

26 

30^2 

30.89 

31.02 

95.67 

1  1 

32 

30.59 

31  60 

35.90 

102.36 

12 

36 

40.35 

32.20 

39.86 

103.46 

13 

38 

92.17 

32  73 

42.22 

103.41 

1  4 

40 

133  58 

33  55 

45.67 

103.29 

15 

42 

'63.90 

35.77 

50.72 

102.80 

16 

44 

^33  33 

38.43 

55.10 

102.75 

17 

46 

205.73 

41.50 

59.55 

102.43 

18 

47 

224.15 

44.72 

62.25 

102.07 

19 

49 

239.15 

48.22 

65.04 

101.82 

20 

51 

252  52 

53.08 

56.87 

101.50 

21 

53 

252.75 

57.95 

58.64 

101.29 

22 

55 

270  30 

52.97 

70.22 

100.93 

23 

57 

275  47 

58  41 

71.97 

100.76 

24 

59 

280  59 

73  95 

73.69 

100.67 

25 

61 

284  04 

79.60 

76  08 

100.60 

26 

63 

285  93 

35  31 

76  32 

100.66 

27 

64 

285  92 

39  73 

78  '5 

100.68 

28 

66 

237  33 

94.  1  4 

79  54 

100.74 

29 

67 

287  34 

98.50 

80  57 

100.84 

30 

69 

285.91 

102  92 

82  58 

101.01 

31 

•   74 

284,10 

'  13.01 

87.07 

101.57 

32 

80 

278.03 

124.24 

93.45 

102.70 

33 

88 

268.78 

133.42 

100.82 

104.48 

34 

96 

259.02 

141.67 

108.16 

106.49 

35 

104 

249.42 

148.78 

1  14.68 

108.62 

35 

1  16 

236.25 

156  23 

122.68 

111.63 

37 

126 

226.61 

159  88 

127.74 

113.87 

38 

136 

217.59 

162.06 

131.76 

115.89 

39 

146 

209.73 

163.12 

134  74 

117.60 

40 

166 

196.07 

'53.02 

138.62 

120.38 

41 

186 

185  01 

'51.28 

140.62 

122.40 

42 

205 

175  86 

158.76 

141.31 

123  87 

43 

230 

165  50 

155.15 

140.99 

125.08 

44 

256 

158  92 

'51  55 

140.04 

125.82 

45 

316 

145  67 

143.67 

136.44 

126.15 

46 

376 

136.48 

137  02 

132.37 

125.35 

47 

456 

127  66 

129.99 

127.26 

123.25 

48 

556 

119.78 

122.97 

120.99 

119.78 

49 

666 

1  14.01 

1  17.00 

115.39 

115.98 

50 

864 

104.79 

107.16 

105.20 

108.10 

51 

1061 

97  36 

99.24 

96.91 

100.64 

52 

1356 

87.60 

89.04 

86.43 

90.82 

53 

1748 

77.06 

78.11 

75.42 

80.04 

54 

2042 

70.57 

71.39 

68.97 

73.40 
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7  "-9 

A!   0  5    -^ 

A!   1.5    n 

At  2.5  in 

At  3.25   ;n 

55 

2531 

61.80 

62.46 

60.11 

54.31 

56 

3372 

51.89 

52.46 

50.37 

53  83 

57 

-1544 

^2.71 

43  17 

41    59 

44.16 

58 

5:64 

35  08 

35  42 

35  57 

37  13 

59 

3991 

31   52 

31.71 

31.43 

32.17 
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e-0  HY1C0  wsr   Z21  Sun,  J.n  4,   -589     -2  45  ?\ 

At   V5  :n  At  2.5  in  At  3  25    n 


1 

0 

25  41 

26.51 

26.17 

25  55 

2 

'' 

25.31 

25.51 

25.00 

25  35 

3 

'  5 

:5  57 

27  25 

25.53 

25.29 

•1 

22 

25  95 

28  04 

27.04 

27  08 

5 

23 

27  52 

28.17 

27.97 

28.73 

6 

25 

32  53 

28.53 

28  96 

30.76 

7 

27 

51    07 

29.21 

30.05 

33.39 

8 

28 

31   87 

30  90 

31.28 

37.05 

9 

30 

115  32 

33.90 

32.67 

41  .73 

10 

32 

140  96 

37.69 

34.04 

48.43 

1  1 

33 

161   79 

41.79 

36.11 

59.19 

12 

35 

177.59 

46.43 

39.25 

72.85 

13 

37 

'88.72 

51.61 

42.93 

84.74 

14 

38 

197  23 

55.97 

46.41 

93.04 

15 

40 

204  96 

52.84 

49.45 

99.58 

16 

42 

21  1  .85 

70.24 

52.29 

103.99 

17 

44 

216.15 

75.36 

53  95 

106.13 

18 

46 

220  49 

83.74 

56.11 

107.54 

1  9 

48 

224.09 

91.38 

58  25 

108.17 

20 

52 

230.16 

104.74 

61.72 

108.09 

21 

54 

232.70 

1  10.81 

63.23 

107.66 

22 

56 

234  86 

1  15.58 

64  83 

107.12 

23 

58 

236.73 

120.77 

56,34 

106.53 

24 

60 

238  36 

125.65 

67.60 

105.89 

25 

62 

239.74 

130.05 

69.19 

105.27 

26 

65 

241   34 

136  50 

71    37 

104.24 

27 

68 

242  26 

141.70 

73  57 

103.30 

28 

71 

242.65 

146  33 

75  33 

102.47 

29 

73 

242.61 

148.38 

76.94 

102.1  1 

30 

78 

241.75 

153.82 

80.36 

101.24 

31 

84 

239.26 

159.75 

84  98 

100.57 

32 

99 

229.48 

168.97 

96.48 

100.92 

33 

118 

216.94 

173.27 

108.38 

103.72 

34 

132 

207.87 

173.86 

115.69 

106.66 

35 

157 

195.15 

171.90 

124.31 

111.55 

35 

1  77 

186.78 

169.32 

128.70 

1  14.84 

37 

196 

179.74 

166.35 

131.57 

117.47 

38 

231 

169.54 

160.88 

133.77 

120.59 

39 

291 

156.10 

151   90 

133.35 

122.95 

40 

351 

146.05 

144.18 

130.89 

123.1  1 

41 

431 

135  67 

^35.60 

126.63 

121   47 

42 

531 

125  53 

126.72 

120.97 

1  17.96 

43 

652 

116.25 

1  1  8.1  1 

1  14.42 

112.86 

44 

800 

107.30 

109.46 

107.04 

106.31 

45 

1047 

95.93 

98.16 

96.45 

96.25 

46 

1342 

85.18 

87.17 

85.67 

85.62 

47 

1636 

76.45 

78.17 

76.87 

76.84 

48 

2088 

67.29 

68.55 

67.55 

67.59 

49 

2773 

55.66 

56.54 

55.90 

55.94 

50 

3554 

46.96 

47.62 

47.18 

47.20 

51 

5310 

36.90 

37.23 

37.07 

37.14 

1 

0 

22  31 

22  32 

24  07 

22.17 

2 

7 

23  C 

22.63 

24   04 

22  G2 

3 

'  7 

23  43 

23  6C 

24  86 

22  36 

4 

22 

23  32 

23.83 

25.62 

24.22 

5 

23 

2^  SO 

24.05 

27  67 

25.48 

6 

25 

54  55 

24  15 

28  71 

27.35 

/" 

25 

•  24  3' 

24.44 

29  84 

29.67 

8 

28 

^70  65 

25  23 

30.66 

32.26 

9 

29 

213.59 

27.09 

31.70 

35.11 

10 

31 

240  53 

30.24 

32,62 

38.48 

1  1 

33 

255  24 

34  36 

34.44 

43,77 

12 

35 

231   26 

33  84 

35.91 

52.61 

13 

3  7 

232  28 

46.75 

41  .48 

64.61 

1  4 

39 

299.18 

54.15 

46.05 

75.00 

15 

41 

303.71 

62.27 

49  27 

81.97 

16 

43 

306.32 

69  66 

51.79 

85.86 

17 

45 

307  95 

77.32 

53.29 

88.12 

18 

47 

308.8^ 

87  83 

55  04 

89.40 

19 

49 

3C8  84 

36.00 

56.33 

90.11 

20 

51 

3C8  22 

'02.72 

57  41 

90.57 

21 

53 

3C6  92 

108.77 

58.86 

90.87 

22 

55 

305  08 

'.  14.17 

59.82 

91,03 

23 

57 

303.08 

119.28 

50.83 

91,06 

24 

60 

239  02 

^27  57 

52.47 

91,05 

25 

69 

289.41 

143  20 

67  84 

90,58 

26 

77 

279  59 

152.68 

73  '3 

89.75 

27 

84 

269  32 

'61.10 

78.91 

89.57 

28 

92 

259  26 

^56.31 

84  53 

90.00 

29 

ICO 

249.45 

159  87 

90  38 

90.98 

30 

1  10 

238  57 

172.11 

95.79 

92,68 

31 

.     120 

229  08 

173.10 

102.56 

94,73 

32 

135 

216  52 

172.83 

109.86 

98,09 

33 

145 

209.52 

171.99 

113.88 

100,27 

34 

155 

197.54 

159  39 

119.83 

104,17 

35 

184 

187.78 

156.27 

124  34 

107.40 

36 

2C4 

179.64 

162.35 

'27  05 

109.89 

37 

233 

169.74 

158.07 

128.73 

1  12.49 

38 

289 

155  85 

149  73 

129.14 

115.25 

39 

349 

144.79 

141.97 

127.45 

115.93 

40 

409 

136  21 

135.36 

124  86 

1  15.40 

41 

489 

127.17 

127.93 

120.93 

113.60 

42 

589 

1  18.41 

^20.32 

115.84 

110.45 

43 

748 

108  17 

110.85 

108.38 

104.84 

44 

946 

98  47 

101.38 

99.82 

97.41 

45 

1340 

84  16 

85.83 

85.86 

84.14 

46 

1634 

75  30 

78.34 

77.51 

76.04 

47 

2125 

55.05 

67.13 

66.31 

55.31 

48 

2710 

55  63 

57.24 

56.45 

55.87 

49 

3492 

46.80 

47.91 

47.27 

46.97 

50 

4858 

37.23 

37,87 

37.39 

37,37 

51 
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■y;    MS    :»2d   w  sh  +  Tcomp  s,jn,  j,jn  4.   -gsg     '2^9  PM 

At  2. CO  in  At  3.00  in  At  4.00  m 


1 

0 

4.75 

-3.97 

-1.96 

21.84 

2 

5 

-2  :2 

•13.16 

■15.14 

4  88 

3 

•  3 

■•3  90 

■"  7  23 

23  64 

-46.80 

4 

'5 

■22  50 

-52.04 

9.22 

-36.06 

5 

'  7 

-'5  59 

-58.54 

50  71 

-13.85 

5 

•  9 

-9.71 

-34  84 

60.50 

-20  75 

7 

2  ' 

"8.74 

-95.58 

71.28 

19.81 

8 

23 

75.14 

-93.43 

66.98 

88.14 

9 

24 

^54.91 

-59.94 

112.87 

100.55 

10 

26 

251.57 

■43.01 

142.68 

169.21 

1  1 

32 

785.56 

-94.89 

237.84 

372.14 
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Appendix  3 
Strain  Gages 

Strain  gages  are  devices  fitted  to  material  that  actually  measure  the 
movement  of  the  material  in  either  expansion  or  contraction.  Since  their 
output  is  an  analog  representation  of  the  actual  materiel  movement 
conversion  is  not  necessary'. 

The  type  of  strain  gage  selected  for  this  investigation  was  the  XY  11 
produced  by  Hottinger  Baldwin  Messtechnik,  Company  (HBM).  This  strain 
gage  was  recommended  for  use  on  steel. Although  the  XYll  only  measures 
surface  strain,  it  was  considered  adequate  for  this  experimental 
investigation  since  the  thickness  of  all  the  test  plates  was  one  half  inch.  A 
special  residual  stress  type  of  strain  gage  was  considered  but  it  was  not  cost 
effective.  A  Z  -70  quick  drying  room  temperature  curing  cement  was  used 
for  mounting  the  strain  gages. 


Strain  Gage  Functioning^^ 

A  strain  gage  delivers  strain  (e)  as  an  output  signal  proportional  to  the 
input.  It  function  basically  is  the  strain  effect  on  electrical  conductors  first 
discovered  by  Wheatstone  m  1943  and  researched  by  Thompson  in  1856. 


23  Hoffman,  K..  The  Strain  Gauge.  A  Universal  Tool  of  the  Equipmenial  Stress  Analysis'".  HBM  vd. 
73004e.  printed  m  West  Germany.  1989. 
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It   stressed   resistance   (R)   changes   with   a   ratio  =^        [f 
mechanically  stressed  length  changes  by  e  =  =^.   The    chanse    in 

resistance  depend  on  both  the  geometry  change  and  conductivity  (p) 
described  bv: 


R^       -         '^'     Me     Pl^ 


Geometry  Texture  (Conductivity) 


Recall  that  resistance  (R)  for  any  conductor  is  a  function  of 
conductivity    (p).  length  (L),  and  area  cross  -  section:    ^  "  ~T~- 

Material  with  stable  resistance  characteristics  are  preferred  for 
strain  gages.  Constanton.  A  Ni-  Cu  alloy  is  one  of  the  best 
known  materials  for  a  linear  relationship  between  strain  and 
resistance  change;     ^  =  £»k  k  =  gage  factor. 
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Data  from  "k-gage  factor" 


A   flR^^ 


>e 


The  strain  is  the  measured  value  e  =  v"-    ^^^  ^^e  in  the  welding  process  a 

k 

temperature  compensation  chart  is  also  used  to  correct  the  measured  strain 
value  and  eliminate  the  temperamre  effects  on  the  strain  age  itself. 


Temperamre  Compensation  Graph  for  the  XY  II: 

EREAD  -  ecONtPENSATION  VALL'B  =  £aCTL'AL 
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40 


-30 


-65 


-100 


-135 


HBM  -  XYll  Strain  Gage  Temperature 

Charactensric  for  compensarion 

/'""^^-^ 

^X.^^^ 

i 
! 

-10  80  120 

Temperature  in  Degrees  Centigrade  (C) 


Adjust  the  strain  reading  by  this  chan.    For  example,  if  the  strain  reading 
was  1000  at  120°C,  then  the  actual  compensated  reading  is  1120. 


HBM  3/350  XYll 

Resistance 

Gage  Factor  (kj 

Temperature  Coefficient  of 

Gage  Factor 

Temperature  Compensated 
For  Steel 


Specifications 

350Q  ±  .35% 

1.97  ±  1% 

95  ppm 
TK 


Hppm 
I'K 
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?m 

number 

213.18  -  2204 

Foil  Lot                                                      A258/25 

Lot  Nur 

nber                                             EV(55998700.2) 

HBM-XYll  Strain  Gage 

2  Dimensional 

HBM 

* 

3nim        Transverse    J_ 

o 

o 

rid  direction  W 

A 

^ 

f^ 

• 

"^^^^" 

Longimdinal 
grid  direction 

HBM    XYll  tvpe  Strain  Gage 

L.  .           ^ 

3/350  -  3nim  measuring  arid 
350  ohm  ±0.35% 

# 

1                     1 
1                     1 

^.3mm^ 

k  -  gage  factor  =  L97±l% 

a=  llppm/°K  or  6.1ppm/T 
Temperature  Compensation 
for  Steels 

Temperature  Coefficient 
=95ppm/'K 

The  above  XYll  strain  gage  is  specifically  calibrated  for  use  on  steel. 
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Recommended  Adhesives: 

Z"0:  Room  temperature  curing  single  component  cement.    This 

adhesive  requires  a  smooth  surface  and  not  more  than 
120°C  ambient  temperature  for  a  one  minute  curing  time 
(works  Hke  super  glue!) 

X60:  Room  temperature  cure,  F  -  24  hours,  maximum  ambient 

temperature  80'C. 

EP250:       High    temperature    curing   two    component,   maximum 
ambient  temperamre  250  degrees  C. 

EP  310:      High  temperature  cure,  two  component,  310X  maximum 
ambient  temperature. 


XY  II      a=llxi^      ^- =  3mm  2rid  and  350a 
°K        350 


All  strain  gages  were  mounted  so  the  longitudinal  strain  was  on  top  hence 
the  strain  gage  orientation  on  the  test  plates  is  shown  below.: 


HBM  XYll  -3/350 
STRAIN  GAGE 


m 

m 

• 

1  I  ! 

• 

HBM 

X  -  Longitudinal  Strain 

--to  even  channel  0,2,4,and  6 

oftheHP3852AData 

Acquisition  Machine 


Y-  Transverse  Strain 
-to  odd  channels  l,3,5,and7 
of  the  HP  3852 


In  experiment  #3  before  any  full  series  of  tests  was  started,  Yll 
strain  gages  were  mounted  on  the  test  piece.  The  Yll  strain  gage  has  the 
same  specifications  as  the  XYll,  except  the  Yll  is  a  one  dimensional  strain 
gage  as  shown  in  the  following  figure: 
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HBM- Yll  STRAIN  GAGE 
One  Dimension 


grid  measure 
direction 


HBM- Yll  Strain  Gage 

3/350  -  3mm  measureing  grid 

350  ohm  ±0.35% 
k-gage  factor  =  1.97±1% 
a  =  1  Ippm/'K  or  6.1ppm/°F 
TemperatureCompensaiion 
for  Steels 


In  experiment  #3  the  Yll  strain  gages  were  all  mounted  to  measure 
longitudinal  strain.This  was  the  only  test  that  Yll  type  strain  gages  were 
used.   .A  block  diagram  of  the  test  set  up  follows  in  figure    : 
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E.xpenment  #3  with  XYl  1  Strain  Gages 


Weld  Travel 


En. 
Tab 


r 


Yl  IS  train 
Gases 


K  type  Thermocouple 


Dial  Gases 


accuracy  ±.OOQlin^i 


To  strain  channels  0,1, and  2 


Start 
Tab 


To   Temperature 
channels  0,andl 


HP  3852A 


The  combination  of  very  sensitive  strain  gages  and  the  Data 
Acquisition  Machine  proved  to  be  relatively  easy  to  use.  Reliable  test 
results  were  obtained  throughout  this  investigation  even  though 
experiment  #3  data  was  not  used  because  the  plate  was  too  short  in 
length. 


233 


Appendix  4 
Thermocouples^^ 

When  dissimilar  metals  are  joined  there  is  a  potential  difference  at  the 
joint.  Thomas  Seebeck  discovered  this  in  1821  and  this  is  called  the 
"Seebeck  effect": 


Seebeck  Effect 


Metal  A 


Flame 


Metal  A 

t) /f)n.m. 

^    Metal  B  Bll 


(+) 
E 


Seebeck  Current  Seebeck  Voltage 

Figure  15 
for   small   changes   in   temperature,   the   seebeck   voltage   is   linearly 
proponional  to  the  temperature: 

Ae.^  =  a  AT. 

To  convert  voltage  to  temperature  a  conversion  table  is  used  provided  by 
the  National  Bureau  of  Standards  called  thermocouple  tables^^  with  0°C  as 
the  reference  junction. 


-■^  Excerpts  from  OMEGA  Complete  Temperature  Measurement  Handbook  and  Encyclopedia,  16.26, 

OMEGA  Engineenng  Co.,  fl989. 
2^  NBS  Circular  #561,  Type  K,  Ni  -  Cr  vs.  Ni  -  Al  (Cromel  -  AJumel). 
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The    seebeck    voltage    vs.    temperature    for    different    types    of 
thermocouples  can  be  also  described  by  an  expanded  Taylor  polynomial: 
T  =  ao  +  ai\  +  a:x-  +  ...  +  anx" 
where  T  =  temperamre 

X  =  thermocouple  voltage 

a  =  coefficient  unique  to  each  thermocouple  type 

n  =  maximum  order  of  polynomial 


The  following  figure  displays  the  thermocouple  characteristic  curves  for 

different  types: 
mv 
A 


500  1000  1500 

Thermocouple  Response  Curve 
Figure  17 


2000      in-C 
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Thermocouple  Junction  Polvnominl 

T%pe                  Material  Temp.  Range  Order 

E  N,  i.lO)Cr(  +  )  vs.  constantan(-)  -100  to  1000  ±  .5  9 

J  Fe  (+)  vs.  constantan  (-)  0  to  760  ±. I  5 

K  N.  (.10)  Cr  (+)  vs.   N,  (.05)  Al  -  S,  (-)    0  to  137'  ±  .7  8 

R  Pi(.13)Rh(+)  vs.   Pi(-)  0  to  1000  ±.5  8 

S  Pi(.lO)  Rh(+)  vs.   Pi(-)  0  to  1750  ±1  9 

T  Cu(+)  vs.   constantan  (-)  -160  to  400  ±-5  7 

The  type  selected  for  this  investigation  was  type  K  which  require  a  digital 

voltmeter  sensitivity  (DVM)  of  .4|iv  to  detect  a  O.TC  change.  The  seebeck 

40|iv 
coefficient  is    ,p  . 

The  NBS  8th  order  polynomial  coefficient  for  K  type  are: 
ao  =  0.226584602 
ai  =24152.10900 
a:  =  67233.4248 
a3  =  2210340.682 
a4  =  -860963914.9 
a5  =  4.83506E+ 10 
a6  =  -1.18452E+ 12 
a7=  1.38690E+  13 
ag  =  -6.33708E  +  13 

The  HP3852A  satisfies  the  sensitivity  requirement  with  the  integrating 
DVM  and  when  K  type  thermocouple  in  selected,  the  NBS  polynomial 


^^^ 


coefficients  are  selected  internally  for  conversion.  The  solution  of  the 
polynomial  determines  the  actual  temperature  which  is  displayed.  The 
themocouples  used  in  this  investigation  were  purchased  from  Omesa 
Engineering,  Inc.  A  typical  set-up  is  displayed  in  the  following  figure  (not 
drawn  to  scale). 


weld  travel 


w 


^^  mega  Engineering 
Type  K  Thermocouple 


HP-3852 

Data  Acquisition 

Machine 


Personal 
Computer 
AT&T  6300 


Thermocouple  Tvpe  K  and  Experimental  Connection 
Figure    16 
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Other  Temperature  Transducers: 


Temperaaire  Transducers    and  their  measured  values 


V 

i 

Them^ocouple 

RTD             Thermister 
R                       R                       V 

I  C  Sensor 
,1 

/      ^     T 

Measured 
Value 

Voltage 

Resistance 

Resistance 

Voltage  or 
Current 

Figure  21 


Temperature  Transducer  Symbols 


-m^ 


45V 


RTD 

7  \/ 

vy  y 

Thermocouple 

Resistive 

'V 

Temperature 
Detector 

Thermister 

IC  Detector 

Figure 

20 

Advantages: 

Self  powered 

Most  stable 

High  output 

Most  linear 

Simple 

Most  accurate 

Fast 

Highest 
output 

Rugged 

More  linear 

2-wire  ohm 

Inexpensive 

than 

measurement 

thermocouples 

Variety 

wide  T  range 
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Disadvantages: 

Nonlinear 
Low  voltage 

Expensive 
Current  source 

req. 
Small  AR 
Low  /R/ 
Self-heating 

Nonlinear 
Limited  range 

T  <  200"'C 
Power  req. 

Reference  req. 
Least  stable 
Least 
sensitive 

Current  source 

Fragile 

Self-heating 

Slow 
Self-heat 
Low  variety 

In  looking  at  temperature  transducers  for  a  welding  environment,  a  K  type 
thermocouple  seems  best  primarily  because  of  its  wide  temperature  range, 
simplicity,  and  ruggedness. 

For  this  investigation  standard.  Omega  Erlgineering  type  OST  probe 
termination  thermocouples  with  a  standard  12"  length,  and  1/8"  diameter 
probe  was  ordered.  Thermocouples  type  K  compensation  wire  was  used  to 
connect  to  the  thermocouple  to  the  HP3852A  data  acquisition  machine. 
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Appendix  5 
0\v-acetylene   Welding   Equipment 


The  equipment  used  as  the  side  heating  torch  in  these  experiments 
consisted  of  a  cylinder  of  oxygen  (O2),  cylinder  of  acetylene  (CnH.)  a 
regulator  on  each  cylinder,  a  torch  without  a  cutting  attachment  and  the 
appropriate  red  (acetylene)  and  green  (oxygen)  twin  hoses. 

The  laboratory  has  two  sets  of  hoses  and  two  torches  but  only  one  was 
used  in  this  experimental  investigation.  An  oxidizing  flame  produces  a 
temperature  of  approximately  6300T,  a  neutral  flame  5850°F  and  a 
carburizing  flame  about  5700°F-6. 

The  flame  utilized  in  these  experiments  was  adjusted  so  that  an 
oxidized  flame  with  a  0.5  inch  cone  and  a  2  inch  feather  was  used.  The 
flame  outer  envelope  was  ignored  in  the  adjustment.  Care  was  taken  to 
ensure  the  tip  of  the  cone  in  the  flame  did  not  touch  the  plate  to  keep  from 
developing  another  undesirable  Heat  Affected  Zone  (HAZ)  and  the 
attendant  brittleness,  loss  of  fracture  toughness,  and  microstructure 
composition  changes  that  occur  with  the  development  of  Heat  Affected 
Zones  in  steel. 

Trying  to  determine  accurately  the  amount  of  heat  input  using  a  torch 
is  a  very  difficult  task.   After  conducting  several  tests  using  scrap  pieces  of 


26  Army  Trainrng  Manual  TM.  9-2852,  "Oxy-Acetylene  Welding:  Equipment  Procedure  and  Technique ", 
110-  111.  CH- 5,  p.  93-  110. 
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steel  painted  with  temperature  lacquer,  it  was  decided  the  a  good  set  up  was 
achieved  when  the  edges  of  die  400T  "tempo-lac"  strip  began  to  melt  on 
the  side  of  the  plate  opposite  the  flame.  The  side  facing  the  direct  flame 


m» 


;oo 


[ide 


400 


Heating 


A 


600 


Normal  "Tempo-Lacquer" 
painted  on  test  piece 


Using  Side  Heating  Torch: 
The  200(C)  band  melts  away, 

400(C)  band  is  just  beginning 
to  melt 

600(C)  is  not  affected 


Effects  of  Side  Heating  by  changes  in  the  Temperature  Lacquer 


The  side  facing  die  direct  flame  burned  off  die  temperature  lacquer  in  the 
region  where  die  flame  was  spreading  on  die  surface.  All  die  "tempo-lac" 
bands  burned  off  about  an  inch  wide  where  the  flame  touched  the  plate. 
The  torch  was  positioned  one  inch  away  form  the  surface  of  the  plate. 

The  "tempo-lac"  worked  well,  thermocouples  confirmed  diat  die  torch 
did  not  exceed  200'C  on  die  side  opposite  die  flame,  but  die  surface  where 
die  flame  was  reached  as  high  as  600'F  (315.6°C'). 
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600(F) 


400(F) 


200(F) 


Estimate  of  temperature 
profile 


This  is  an  estimate  of  what  the  temperature  distribution  looks  like  from  the 
side  heat.  When  the  torch  passes  the  temperature  settles  rapidly  to  just 
under  4(X)T  (204'C).  The  surface  where  the  flame  touches  the  plate  does 
not  appear  to  develop  a  heat  affected  zone  by  visual  inspection  despite  the 
high  temperature.  The  discolored  bands  that  extend  about  a  half  inch  into 
the  plate  clearly  visible  when  arc  welding  were  not  present  so  long  as  the 
tip  of  the  cone  in  the  flame  does  not  touch  the  plate. 

Experience  from  conducting  several  experiments  has  shown  that  the 
material  discolors,  developing  a  series  of  thin  bands  extending  a  half  inch 
into  the  plate  from  the  weld  line  when  a  heat  affected  zone  develops. 
Although  a  microscope  was  not  used  to  confirm  this,  after  cutting  several 
pieces  of  metal  with  metal  saws  the  metal  cutting  equipment  does  reveal  the 
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presence  of  a  hardened  edge  or  area  which  is  brittle  and  confirms  the 
presence  of  a  heat  affected  zone  at  the  discolored  edge.  The  hardened 
(HAZ)  edge  proved  to  be  more  difficult  to  cut  and  frequently  dulled  saw 
blades  rendering  them  useless,  especially  when  cutting  HY130. 
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Experiment     photograph     Appendix    627 


2"^  This  section  can  be  removed  without  loss  of  continuity. 
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1 .       EXPERIMENT  #1 :  Splash  plate  buckled  and  arc  blew  holes  in  it 


2.      EXPERIMENT  #2:  Good  bead,  no  spillover. 
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3.       Prepared  Specimens  ready  for  welding  (4)  XY  Strain  Gages  mounted  with  shielded 
cable. 


LAB  SET-UP:  (from  left  to  right),  Test  Bench  with  EXPERIMENT  #2  on  it; 
Millermatic  GMA  weld  machine;  table  with  shield  cables;  terminal  block  on  table; 
HP3852A  Data  Acquisition  and  Control  System;  and  PC,  AT&T  6300. 
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5.       EXPERIMENT  «3:   Bead  on  Edse. 


^H  ^1 

J 

m] 

6.      EXPERIMENT  #4:    Full  rest  piece  after  welding  with  (4)  XY  Strain  Gages,  (4) 
Thermocouples,  and  (3)  Dial  Gages  at  the  bottom  of  a  piece  of  Mild  Steel. 
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7 .       •Tempo-Lac"  in  EXPERMENT  #4:  Mild  Steel. 


8.      "Tempo-Lac"  in  EXPERMENT  #5:  HYIOO. 


i 
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Terminal  Block:  Cable  cormecrions  from  the  test  piece  to  the  equipment 


10.    EXPERMENT  #4  -  #6:  Stress  Relieved  pieces. 
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1 1 .    Close  up  of  Stress  Relieved  Mild  Steel  piece  from  EXPERMENT  #4:  Mild  Steel. 


12.    Stress  Relieved  piece  from  EXPERMENT  #5:  HY 100. 
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13.  Close  up  Stress  Relieved  from  EXPERMENT  #6  HY130. 


14.    Side  Heat  set-up  (9"  ahead). 
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15.     Final  test  piece  after  weld.  EXPERIMENT  #28:  HY130:  (4)  XY  Strain  Gages;  (4) 
Thermocouples;  and  (3)  Dial  Gages  with  Side  Heat 


1 6.    Stress  Relieved  pieces  form  EXPERIMENT  #26.  #27.  and  #28. 
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